DEVELOPMENT OF NANOFILTRATION (NF) MEMBRANES FOR WATER TREATMENTS by GAO JIE
  
DEVELOPMENT OF NANOFILTRATION (NF) 













A THESIS SUBMITTED 
 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY  
IN DEPARTMENT OF CHEMICAL AND BIOMOLECULAR 
ENGINEERING 
 






PROFESSOR CHUNG TAI-SHUNG NEAL 
 
EXAMINERS: 
ASSOCIATE PROFESSOR HONG LIANG 
ASSOCIATE PROFESSOR XIE JIANPING 





I hereby declare that the thesis is my original work and it has been written by 
me in its entirety. I have duly acknowledged all the sources of information 
which have been used in the thesis. 
 
 






















First of all, I would like to express my sincere gratitude and appreciation to my 
supervisor Prof. (Neal) Chung Tai-Shung from Department of Chemical & 
Biomolecular Engineering for his patient guidance and strong support 
throughout my research. His diligence and commitment have motivated me to 
my research career and provided me with lifetime benefits. I would also thank 
Prof. Chung for providing all the facilities and a good academic environment 
for my study with a lot of wonderful people in the lab from whom I can learn a 
lot.     
 
I would also like to show my appreciations to my thesis committee members, 
Prof. Hong Liang and Prof. Xie Jianping from NUS and Prof. Scott M. Husson 
from Clemson University for their suggestions to improve my research work. I 
would like to thank National University of Singapore for providing me the 
chance to pursue my postgraduate study. 
 
A special gratitude to my mentor, Dr. Sun Shipeng, is due for his patient, 
generous and constructive suggestions and helps. Thanks are also due to my co-
researchers Ms. Zhu Wen Ping, Mr. Thong Zhiwei and Dr. Wang Kai Yu for all 




I am grateful to all my lab mates for their kind assistance during my study. 
Special thanks are due to Dr. Zhang Sui, Dr. Li Xue, Dr. Zhou Zheng Zhong, 
Dr. Ong Yee Kang, Ms. Zhang Yu, Mr. Cheng Zhenlei and Dr. Susilo Japip for 
all their helps and suggestions on the experimental work. 
 
Thanks are also due to our lab officers, Ms Lin Huey Yi, Miss Neo Jen Ga, Mr. 
Ng Kim Poi, Mr. Chia Phai Ann, Ms Ngai Kai Ting, and Miss Michelle Lim 
Bee Kee for their helps on my set-up installations, equipment purchasing and 
equipment usages.   
 
Last but not the least; I am ever grateful to my parents and friends for all their 

























                                           TABLE OF CONTENTS 
 
ACKNOWLEDGEMENTS ............................................................................... I 
TABLE OF CONTENTS ................................................................................. III 
SUMMARY .................................................................................................. VIII 
LIST OF TABLES ........................................................................................... XI 
LIST OF FIGURES ....................................................................................... XII 
LIST OF SYMBOLS AND ABBREVIATIONS ........................................... XV 
 
CHAPTER 1: INTRODUCTION ...................................................................... 1 
1.1 General background.................................................................................. 1 
1.2 Conventional ways to remove heavy metals from wastewater ................ 3 
1.2.1 Chemical precipitation..................................................................... 4 
1.2.2 Adsorption ....................................................................................... 5 
1.2.3 Coagulation-flocculation ................................................................. 6 
1.2.4 Flotation ........................................................................................... 7 
1.2.5 Ion exchange .................................................................................... 8 
1.2.6 Electrochemical treatment technique .............................................. 9 
1.2.7 Membrane technology for heavy metal removal ........................... 11 
1.3 Introduction to nanofiltration (NF) membranes ..................................... 15 
1.3.1 Definition of NF ............................................................................ 15 
1.3.2 Conventional materials of NF membranes .................................... 16 
iv 
 
1.3.3 Module types and configurations of NF membranes .................... 18 
1.3.4 Fabrication of NF membranes ....................................................... 20 
1.3.5 NF in heavy metal removal ........................................................... 21 
1.4 Introduction to interfacial polymerization and 
polyethyleneimine/polyimide cross-linking ........................................... 23 
1.5 Research objectives and outline of the thesis ............................................ 25 
 
CHAPTER 2: CHARACTERIZATION .......................................................... 28 
2.1 Morphology and topology of membranes .................................................. 28 
2.2 Surface charges of membranes .................................................................. 29 
2.3 Mechanical strength ................................................................................... 29 
2.4 Water contact angles and chemistry of membrane surfaces....................... 30 
2.5 Adsorption of heavy metals ....................................................................... 30 
2.6 Pure water permeability and pore size distribution of the membrane ....... 31 
2.7 Salt rejection of formed membranes .......................................................... 33 
 
CHAPTER 3: POLY(AMIDOAMINE) DENDRIMER (PAMAM) GRAFTED 
ON THIN FILM COMPOSITE (TFC) NANOFILTRATION (NF) HOLLOW 
FIBER MEMBRANES FOR HEAVY METAL REMOVAL .......................... 35 
3.1 Introduction ................................................................................................ 35 
3.2 Experimental .............................................................................................. 37 
3.2.1 Materials ........................................................................................ 37 
v 
 
3.2.2 Preparation of the inner selective hollow fiber membranes .......... 38 
3.2.3 Fabrication of PAMAM grafted TFC hollow fiber membranes .... 39 
3.3 Results and Discussions ............................................................................. 41 
3.3.1 Membrane morphology ................................................................. 41 
3.3.2 XPS analyses ................................................................................. 43 
3.3.3 Hydrophilicity and surface charge ................................................. 44 
3.3.4 Pore size, pore size distribution and MWCO ................................ 46 
3.3.5 PWP and MgCl2 rejection .............................................................. 47 
3.3.6 Adsorption tests of the original and the modified membranes ...... 49 
3.3.7 Rejections of single heavy metal solutions ................................... 49 
3.3.8 Rejections of mixed heavy metal solutions ................................... 53 
3.3.9 Long-term performance tests of H_TFC and H_PAMAM G2 
membranes .............................................................................................. 54 
3.4 Conclusions ................................................................................................ 55 
Acknowledgements: ......................................................................................... 56 
 
CHAPTER 4: MODIFICATION OF OUTER SELECTIVE P84 
NANOFILTRATION (NF) HOLLOW FIBER MEMBRANES FOR 
CADMIUM REMOVAL ................................................................................. 57 
4.1 Introduction ................................................................................................ 57 
4.2 Experimental .............................................................................................. 59 
4.2.1 Materials ........................................................................................ 59 
vi 
 
4.2.2 Fabrication of outer selective hollow fiber substrates ................... 60 
4.2.3 Chemical modifications of hollow fiber substrates ....................... 61 
4.3 Results and discussion ............................................................................... 63 
4.3.1 Morphology of the membrane ....................................................... 63 
4.3.2 Surface charge of the membranes .................................................. 65 
4.3.3 Influence of different modifications on the performance of the PEI 
cross-linked membranes ......................................................................... 66 
4.3.4 Pore size distribution and mechanical strength of the hollow fiber
 ................................................................................................................ 70 
4.3.5 Influence of GA coating time and concentration on NF 
performance ............................................................................................ 72 
4.3.6 Stability of the membranes ............................................................ 74 
4.4 Conclusions ................................................................................................ 76 
Acknowledgements: ......................................................................................... 77 
 
CHAPTER 5: CHELATING MODIFIED P84 NANOFILTRATION (NF) 
HOLLOW FIBER MEMBRANES FOR HIGH EFFICIENT HEAVY METAL 
REMOVAL POLYMER ................................................................................... 78 
5.1 Introduction ................................................................................................ 78 
5.2 Experimental .............................................................................................. 80 
5.2.1 Materials ........................................................................................ 80 
5.2.2 Fabrication of the outer selective hollow fiber substrate............... 80 
vii 
 
5.2.3 Modification of the as-spun membrane ......................................... 81 
5.2.4 Salt rejection of membranes .......................................................... 82 
5.3 Results and Discussions ............................................................................. 83 
5.3.1 Characteristics of the membranes .................................................. 83 
5.3.2 Influence of chelating polymer types and molecular weights on NF 
performance ............................................................................................ 87 
5.3.3 Adsorption tests of the membrane ................................................. 90 
5.3.4 Rejection tests of the Plain-PEI&PAA 100K membrane ............... 90 
5.3.5 The stability of the Plain-PEI&PAA 100K membrane .................. 93 
5.4 Conclusion ................................................................................................. 95 
Acknowledgements: ......................................................................................... 96 
 
CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS ................... 97 
6.1 Conclusions ................................................................................................ 97 
6.2 Recommendations .................................................................................... 100 
 
BIBLIOGRAPHY .......................................................................................... 103 













Heavy metals are one of the major contaminants in industrial effluents from 
pesticide, smelting, dye manufacturing electronic industries, etc. Due to their 
non-biodegradable nature, heavy metals can accumulate in the body and may 
lead to disastrous side effects, such as nausea, bone lesions, renal disturbances 
cancer, or even death. As a result, the removal of heavy metals from effluent 
streams before discharge is of utmost importance to the society. 
 
Many efforts have been made to safely discharge and reuse the reclaimed 
wastewater. Among them, nanofiltration (NF) is a promising method in heavy 
metal removal due to its special rejection mechanisms, i.e., size exclusion and 
charge repulsion. Thereby, NF is able to reject small neutral organic solutes 
which are larger than the pore size of the membrane as well as charged solutes 
which are smaller than the pore size of the membrane. As a result, NF may offer 
good rejections to multi-valent heavy metal ions without much compromise in 
water fluxes as compared to reverse osmosis (RO) membranes. So far, NF 
membranes have found growing applications to remove heavy metals. 
 
In this thesis, removal of heavy metal ions in wastewater was proposed through 
newly developed hollow fiber membranes suitable for NF process. Thin-film 
composite (TFC) membranes made from interfacial polymerization have been 
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widely utilized in NF applications to form inner selective hollow fiber 
membranes. To further enhance the rejection and water permeability of the 
fabricated TFC membranes, the polyamide layer generated through interfacial 
polymerization was subsequently modified by grafting poly (amidoamine) 
dendrimer (PAMAM) with different dendrimer generations. It is found that the 
PAMAM grafting not only decreases the pore size of the composite membrane, 
but also provides the positively charged functional groups, such as secondary 
and tertiary amine groups (R2H2N+ and R3HN+), on the membrane surface to 
improve the hydrophilicity and water permeability of the TFC membrane 
without compromising rejections.  
 
Although membranes with superior rejection to metals have been achieved by 
applying interfacial polymerization on the inner surfaces of membranes, it is 
still a challenge to fabricate defect free outer selective hollow fiber membranes 
through interfacial polymerization. As a result, modified methods for preparing 
outer selective TFC hollow fiber membranes were explored by firstly modifying 
the P84 polyimide membrane substrate with polyethyleneimine (PEI) and then 
by water soluble small molecules such as glutaraldehyde (GA) and 
epichlorohydrin (ECH). To further optimize the formed membranes, the 
adsorption of chelating polymers containing negatively charged functional 
groups such as poly (acrylic acid-co-maleic acid) (PAM), poly (acrylic acid) 
(PAA) and poly (dimethylamine-co-epichlorohydrin-co-ethylenediamine) 
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(PDMED) on the positively charged PEI cross-linked P84 hollow fiber substrate 
was proposed.  
 
Both inner and outer selective hollow fiber membranes have shown over 99 % 
rejection to heavy metals, for instance, Pb(NO3)2, CuSO4, NiCl2, CdCl2, ZnCl2, 
Na2Cr2O7 and Na2HAsO4, when 1000 ppm salt solutions were used. The water 
permeability of both types of membranes is comparable to other studies in the 
literature. The formed TFC membranes may have great potential for heavy 
metal removal. They may also provide useful insight to manufacture the next-
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1.1 General background  
 
Water scarcity is a severe issue to be solved worldwide [1]. Around 1.2 billion 
people have difficulties in accessing safe drinking water, resulting in huge 
health impacts around the world. It is estimated that the lack of safe drinking 
water together with poor personal hygiene takes away more than 2 million lives 
each year, among whom, three quarters are children under the age of 5 [2]. To 
deal with the water scarcity issue, many efforts have been made to safely 
discharge and reuse wastewater.  
 
One of the major contaminants in wastewater is heavy metals. Heavy metals are 
generally referred as a collective group of elements (metals and metalloids) 
which have atomic density above 5 gcm-3 or molecular weight greater than 40. 
These elements are soluble under physiological conditions and can be exposed 
to organisms. Among them, some elements can serve as micronutrients or trace 
elements that are essential for metabolism at low concentration but can become 
acutely toxic at excess dosage. Those elements include Zn, Ni, and Cu. Other 
heavy metals, for instance, Pb, As, Cd, and Cr, have no known physiological 
functions and are very phytotoxic [3, 4]. Symptoms normally occur when 
concentrations of heavy metals hit certain threshold limits in the body. Even 
extremely low concentrations of heavy metals in human body can disrupt the 
body's normal physiological activities. They can also accumulate in certain 
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organs due to their stabilities, resulting in pathological changes ranging from 
odd diseases (such as water Minamata disease, bone disease, liver damage, 
kidney disorder, and cancer) to even death [5]. The side effects of different 
heavy metals are listed in Table 1.1. Heavy metals can be taken up by human 
through air, food, and most importantly water source. Thus, many countries 
have set guidelines on the maximum allowable limits of heavy metals in 
drinking water. Guidelines of heavy metal limits from the World Health 




Table 1.1 The World Health Organization (WHO) guideline values for 




value for drinking 
water 
(mg/L) [4] 
Possible side effects 
Ni 0.07 Nausea, cancer, dermatitis, respiratory 
problem, birth defects, heart disorder etc. 
[6-8] 
Zn 3 Depression, lethargy, seizures, increased 
thirst, etc. [6] 
Cu 2 Nausea, Wilson’s disease, thalassemia, 
liver  damage, insomnia etc. [4, 8, 9] 
Cd 0.003 Renal dysfunction, hypertension, 
abdominal pain, Itai-Itai, cancer, etc. [6, 
9] 
Cr 0.05 Headache, diarrhea, vomiting, cancer, 
etc. [6] 
Pb 0.01 weakness, abdominal pain, nerve damage 
(such as swelling of the brain), kidney 
and reproduction problem, and death, etc. 
[10] 
As 0.01 Skin lesions/ cancer, conjunctivitis, 
hyperkeratosis, cardiovascular disease, 
disturbances in nervous system and 






Since industries, such as metal plating, electronics, mining, agriculture, and 
chemical industries, tend to generate heavy metal containing waste streams, the 
aquatic environment can be polluted if these streams are directly discharged 
without proper treatments. So far, heavy metal pollution has become one of the 
most important environmental problems and drawn increasing attentions 
throughout the world [4]. Many countries have set up increasingly stringent 
standards to control heavy metal concentrations in discharged water [11], which 
opens huge opportunities for water treatment technologies. The maximum 
allowable limits of heavy metal concentrations in discharged water in Singapore, 
China and India are summarized in Table 1.2. 
 
Table 1.2 Allowable discharge limits of heavy metals in Singapore, China and 
India 
Countries Allowable limits in discharge (ppm) 
Pb Cd As Cr Cu Ni Zn 
Singapore* 0.1 0.1 1.0 1.0 0.1 1 1 
China** 1.0 0.1 0.5 1.5 0.5 2 2 
India*** 0.1 2 - 2 3 3 5 
* National Environment Agency: Allowable limits for trade effluent discharge 
to Sewer/ watercourse/ controlled watercourse 
** Integrated wastewater discharge standard GB8976-1996 
*** Discharge standards for electroplating industries, Corporate Responsibility 
for Environmental Protection (CREP), India   
 
 
1.2 Industrial process to remove heavy metals from wastewater 
 
There are several methods available for heavy metal removals from wastewater, 
including chemical precipitation, coagulation-flocculation, adsorption, ion 
exchange, flotation, electrochemical treatment, and membrane treatments. Most 
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of them have been applied to remove heavy metals from industrial effluent, 
among which, membrane treatments find growing applications. To provide an 
overview of heavy metal removal by different techniques, a short review on 
removal mechanisms and advantages of each method are provided in the 
subsequent section.     
 
1.2.1 Chemical precipitation 
 
Chemical precipitation is a popular technique applied in industrial wastewater 
treatments to eliminate inorganic compounds such as heavy metals. By forming 
insoluble precipitates with added chemicals, heavy metals can be thereafter 
removed through sedimentation or filtration. Chemical precipitation is 
relatively simple and inexpensive. Additionally, a variety of precipitating agents 
exist. Depending on the formed precipitates, conventional chemical 
precipitation of heavy metals can be divided into hydroxide precipitation and 
sulphide precipitation. Hydroxide precipitation is the most common 
precipitation technique through pH adjustments with the addition of hydroxides 
such as lime and calcium hydroxide. The process is relatively simple and low 
cost. However, it also has limitations such as sludge disposal issue, amphoteric 
nature of precipitates and possible inhibition effects from surrounding 
complexing agents. Sulphide precipitation is another efficient means to remove 
heavy metals. Compared to hydroxide precipitation, precipitates from sulphide 
precipitation are more stable because they are not amphoteric and have lower 
solubility in water. On the other hand, the process may generate toxic fume (H2S) 
and separation issue due to the formation of stable colloidal suspension. To deal 
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with the above mentioned matters, researchers have proposed chelating 
precipitation with the aid of chelating agents or a combination of precipitation 
with other methods, such as nanofiltration (NF) or ion-exchange. However, the 
sludge treatments or disposal may remain an issue. Furthermore, sludge disposal 




Adsorption is a selective sorption process where heavy metals can be transferred 
from liquid phase and bonded to the surface of insoluble solids through physical 
and/or chemical interactions [6, 13]. Adsorption may remove heavy metals 
through reversible adsorption mechanism. Due to its high removal efficiency in 
many cases, flexibility in system design and possible regeneration of adsorbents, 
adsorption is considered as an efficient and economical process. Depending on 
the nature of adsorbents, activated carbon adsorbents, carbon nanotube 
adsorbents, low-cost adsorbents and bioadsorbent are among the most common 
adsorbents used. Activated carbon has high surface area due to the existence of 
microporous and/or mesoporous structures [14]. So far, it is the most widely 
used adsorbent to remove heavy metals, such as Ni, Cr, and Cu [15]. Carbon 
nanotube is another carbon based material, which shows good potential in heavy 
metal removal. The adsorption of heavy metal ions is mainly due to the 
interaction between metal ions and functional groups on the carbon nanotube. 
When treating carbon nanotubes with oxidizing agents, such as HNO3 and 
KMnO4, the adsorption performance can be further enhanced. Due to the 
relatively high cost of activated carbons and carbon nanotubes, many 
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researchers have been working on the low cost adsorbents using agricultural 
wastes, industrial by-product/waste or other natural materials, such as chitosan, 
zeolites, clay and fly ash [15, 16]. Apart from that, a relatively new type of 
sorbent, bioadsorbent, has found promising applications in heavy metal removal 
due to low price and high removal efficiency. Bioadsorbents are generally 
obtained from non-living biomass (shrimp shells, potato peels, bark, seed shells, 
etc.), algal biomass or microbial biomass (bacteria, yeast, etc.). However, 
bioadsorbents are still under investigation, where regeneration of adsorbents 




In coagulation-flocculation, the force to separate the colloids are neutralized by 
coagulants. Thus, colloids are aggregated to form sedimentation. The unstable 
particles then grow through flocculation and form bulky floccules. In this 
process, heavy metal ions or hydroxide particles from lime precipitation are able 
to be neutralized to form precipitates through additional coagulants, such as 
ferrous sulphate, or though pH adjustment. The size of formed precipitates 
grows with the addition of flocculant polymers. Another possible approach 
involves intermediate molecules that can chelate heavy metal ions. By adding 
coagulation-flocculation agents that bond with the intermediate molecules, 
precipitation will thus occur. Coagulation-flocculation may shorten the settling 
time of the suspended particles or precipitates. However, limitations of 
coagulation-flocculation include additional costs of chemicals and requirements 




1.2.4 Flotation  
 
In flotation, suspended solids and dispersed liquids can be separated from liquid 
phase via bubble attachments. Flotation can be divided into ion flotation, 
colloidal flotation and precipitative flotation according to the form of suspended 
particles. In ion flotation, hydrophobic species are generated by connecting 
metal ions with certain surfactants as collector. However, carriers such as 
Fe(OH)3 and Al(OH)3 are commonly used in the colloid flotation such that the 
metal ions are adsorbed onto the carriers and removed through bubble 
attachments. Precipitative flotation involves formation of precipitates in the 
form of hydroxide or sulphide salt, and carbonate. In this process, even a small 
amount of collectors may significantly enhance the efficiency of precipitates 
removal [6, 12, 18]. Depending on the source of bubble, flotation can be divided 
into dispersed-air flotation, dissolved-air flotation, vacuum air flotation, 
electroflotation and biological flotation. Among them, dissolved-air flotation is 
the most popular one to remove heavy metals. Suspended particles containing 
heavy metals are adsorbed or attached onto the bubbles, forming foam-like 
agglomerates. Those highly concentrated agglomerates then rise from water due 
to low density and float at the surface of water where they are collected as sludge 
[6, 12, 17]. Flotation has advantages of low cost and short residence time. In 
addition, high concentration contaminants can be removed through flotation 
with high loading rates. However, decreasing removal efficiencies could be 
found for one stage flotations since pollutants may leak or detach from bubbles. 
Hybrid systems incorporating other technologies are needed to enhance the 
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removal rate of heavy metals [6, 19].      
 
1.2.5 Ion exchange 
 
Ion exchange is another common method to treat heavy metal containing 
wastewater. In this process, ions in the solid resin exchange ions in the liquid 
phase. As a result, ions from solution can be removed and replaced by certain 
amount of similarly charged ions from the solid resin based on charge 
conservation. As the structure of resin is not changed, the loaded resin can be 
restored by elution with certain reagents, whist the metal ions can be recovered 
and concentrated. Take a widely used cation exchanger with resins containing 
sulfonic acid groups (-SO3H) as an example, the exchange of cations in water 
can be expressed through the following formula:    
nR-SO3H + Mn+ -> (R-SO3-)nMn+ + nH+                               (1.1) 
Where R-SO3- and M stand for the anionic groups in the resin and metal ions, 
respectively. H+ works as the exchangeable ion to metal ions. The principle is 
the same for basic resins except that it is the anions which are exchanged by 
resins. The metal ions uptaken through resin can be influenced by pH, 
temperature, initial ion concentration, competing ions, solution conductivity as 
well as ionic charge. Other than that, it is affected by the properties of the solid 
phase resin. The resin materials can be synthetic or natural. The natural 
exchanger can be made from natural zeolite, clinoptilolite, and/or naturally 
occurring silicate minerals. However, most of the natural exchangers are still in 
the development stage and are not as efficient as synthetic materials such as 
synthetic zeolite (NaPI). Ion exchange is a fast process that has high treatment 
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capacity, good convenience with possibly portable device and high removal 
rates. Selective uptake of metal cations is also possible by choosing suitable 
ligands or materials. However, when dealing with heavy metal containing 
wastewater, pre-treatments are usually required to eliminate suspended particles 
before ion exchange. In addition, some heavy metals cannot be removed with 
the process due to a lack of suitable resins. Other than that, high capital and 
operational costs are usually expected. Regeneration of resin may also require 
additional chemical consumption and create additional wastewater [6, 12, 17, 
20].  
 
1.2.6 Electrochemical treatment technique 
 
By attracting metal ions to one of the electrodes, eletrochemical process is able 
to recover the metal ions into their metallic states. Electrochemical treatment of 
heavy metal containing solutions can be divided into several categories, 
including electrodialysis, membrane electrolysis, and electrochemical 
precipitation. 
 
Electrodialysis utilizes ion exchange membranes in alternating series such that 
individual cell can be formed in between anode and cathode. Under certain 
electrical potential, ions with different charges may migrate to either anode or 
cathode. Ion exchange membranes generally prevent migration of the same 
charged ions with the membrane, while allowing the transport of oppositely 
charged ions. As a result, “ion-concentrating” and “ion-depleting” sections are 
formed, generating concentrated solution and almost pure water [21-23]. 
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Electrodialysis can only remove ions but has no effect on colloids, bacteria or 
organic matters. Compared to the other methods, a concentrated metal solution 
can be produced in electrodialysis, so that the recovery of metal ions is possible. 
In addition, electrodialysis has less fouling tendency as compared to other 
membrane separation systems. Pre-treatment of feed is rather simple. However, 
the process also has several limitations. The major drawback is its inabilities to 
efficiently treat solutions containing over 1000 ppm inorganic ions. In addition, 
a high energy consumption is always linked to treat the highly concentrated 
wastewater. Hence, the optimal metal concentration for electrodialysis may be 
less than 20 ppm [6, 23].    
   
Membrane electrolysis is another electrochemical treatment technique to 
remove heavy metals. In this process, an electrical potential is applied across an 
ion exchange membrane which divides the system into two cells. Reduction and 
oxidation reactions thus occur in cathode and anode, respectively [6, 24], 
recovering metals in the cathode. Compared to electrodialysis, membrane 
electrolysis can treat wastewater with inorganic ions of greater than 2000 ppm 
or lower than 10 ppm. Nevertheless, the high-energy consumption is still a 
major challenge for this process.          
 
Electrochemical precipitation and electrocoagulation are also commonly used 
electrochemical treatment techniques for heavy metal removal. In 
electrochemical precipitation, precipitates are formed when electrical potential 
is applied across the solution. On the other hand, coagulants are normally 
formed in electrocoagulation where aluminium or iron is usually used as the 
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electrodes [6, 12, 25, 26]. Electrochemical precipitation can happen in either 
acid or basic condition depending on the properties of impurities and electrodes. 
It can be used to treat water with salt concentration of higher than 2000 ppm. In 
electrocoagulation, aluminium or iron ions are dissolved under electrical 
potential, forming coagulants or hydroxides which may coagulate, precipitate 
or adsorb pollutants, such as heavy metals. If gas, such as hydrogen, is generated 
from cathode, it may help to separate the coagulated complex through flotation 
[6, 25, 27].        
 
1.2.7 Membrane technology for heavy metal removal 
 
In addition to electrodialysis, there are other membrane technologies which can 
be employed for heavy metal removal, including osmosis driven membrane 
separation processes, i.e. forward osmosis (FO), and pressure driven membrane 
separation processes, i.e. ultrafiltration (UF), NF and reverse osmosis (RO).  
Compared to other separation technologies, membrane separation processes 
have many advantages such as cost effectiveness, high energy efficiency, no 
phase change, environmental friendliness and high removal efficiency [28, 29]. 
 
FO for heavy metal removals has been studied by a few researchers recently 
[30-32]. In FO process, a semi-permeable membrane separates two chambers of 
solutions that differ in osmotic pressures. The difference in osmotic pressures 
becomes the driving force for water to diffuse from the low solute-concentration 
solution (feed solution) to the high solute-concentration solution (draw solution) 
through the membrane.  At the same time, the unwanted solutes are concentrated 
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in the feed solution. By regenerating draw solutes, clean water can be obtained 
through the draw solution. FO process has advantages of low operating pressure, 
low fouling tendency and high rejection of the unwanted solutes, such as heavy 
metal ions. However, the major drawbacks of FO process may include the needs 
to regenerate the draw solutes, which lead to additional costs [33], reverse 
diffusion of draw solutes and possibly low flux of commercially available FO 
membranes [34].     
 
Conversely, pressure driven membrane systems (UF, NF and RO) have received 
more attention to remove inorganic salts, organic matters, and suspended 
particles from wastewater. In this process, hydrostatic pressure pushes feed 
solution against a semi-permeable membrane so that solvent and small solutes 
may pass through the membrane while larger solutes and particles are retained 
in the feed solution. Depending on the membrane pore size or size of 
contaminants that can be rejected, the pressure driven membranes can be 
divided into four categories as illustrated in Figure 1.1 and Table 1.3. A number 
of studies have used microfiltration (MF) combined with other technologies, 
such as adsorption, flotation etc., to remove heavy metals from wastewater [19, 
35-37]. However, because MF membranes have pore sizes much larger than 
those of heavy metal ions, it may not be efficient to reject metal ions without 





Figure 1.1 Rejection ranges of different pressure induced membrane 
separation processes. 
 
Table 1.3 Properties of hydraulic pressure induced membrane separation 
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While the pore sizes of UF membranes are smaller than those of MF membranes, 
they are still larger than the hydrated radii of metal ions. Thus, several methods 
have been proposed to enhance the rejection of UF to metal ions. One of the 
methods is polymer enhanced UF (PEUF) by employing a chelating polymer, 
such as chitosan and polyethyleneimine, for metal ions removal. In this process, 
chelating polymers are dissolved and may adsorb heavy metal ions in the 
wastewater, forming complexes which contain metal ions and water soluble 
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ligands. The complexes are generally large enough to be rejected by UF [38]. 
Another approach is based on the formation of micellar structure by using 
surfactants in water and is known as micellar enhanced UF (MEUF). By varying 
the ratio of surfactants, micelles of different sizes can be formed. Metal ions are 
then attached onto the micelles through electrostatic attraction. The formation 
of micelles enhances the rejection of metal ions in the system [39-41]. Other 
than the above mentioned two methods, charge repulsion may also play roles in 
heavy metal removal through UF. Although a lower driving force is needed in 
UF, additional chemicals are always required to enhance the rejection of UF 
membranes. 
 
On the other hand, RO has membrane pore sizes of smaller than 10-4 µm. Due 
to its ultra-fine pore size, RO is eligible and more effective to remove most of 
the metal ions including monovalent ions with rejections of over 90 %. So far, 
it has contributed to over 20 % desalination capacities around the world. While 
RO membranes have the advantages of high rejection, good chemical stability 
and high mechanical strength, RO process requires high pressure to achieve a 
high rejection, leading to high energy consumption. Additionally, due to their 
small pores, RO membranes are more prone to fouling by suspended particles, 
organic solutes or dissolved ions, which ultimately increases the maintenance 







1.3 Introduction to nanofiltration (NF) membranes 
1.3.1 Definition of NF 
 
NF is a membrane filtration process with membrane pore sizes in between UF 
and RO [42-44]. Since its establishment in 1970s, NF has found growing 
applications not only in wastewater treatment such as water softening, but also 
in other aqueous/organic separation and purification applications, for instance, 
pharmaceutical purifications, dairy product purifications, and solvent 
purifications in oil industry. [45-47]. 
 
Similar to other pressure driven membrane processes, NF is able to separate 
ionic and low molecular weight organic solutes depending on their sizes. It may 
be ascribed to the size exclusion mechanism of UF or the difference in diffusion 
rates in non-porous region. As larger solutes tend to diffuse slower, this 
difference in diffusion rates is similar to size exclusion according to the Stoke-
Einstein law. Thus, those effects are generally represented as a sieving effect 
which neglects the interactions between neutral organic solutes and membranes, 
such as dipole interaction, in different models. It is generally agreed that the 
rejection of a neutral organic solute depends on both the size of the solute and 
the pore size of the membrane [48]. Apart from size exclusion mechanism, most 
of the NF membranes are able to reject charged solutes smaller than their pore 
sizes due to Donnan exclusion (charge repulsion), owing to the presence of 
charges on NF membranes. As explained by Donnan exclusion, a higher 
rejection is always related to the co-ion that has a higher valence, while a lower 
rejection will be obtained if the counter-ion has a higher valence [49]. 
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Consequently, NF membranes may have better rejections to multivalent co-ions 
than to monovalent ones because the former have better electrostatic 
interactions with the membranes [43]. Selective partition between monovalent 
and multivalent ions is achievable. 
  
Since the majority of heavy metal ions are multivalent, NF is more effective for 
heavy metal removal, owing to its unique rejection mechanisms – size exclusion 
and Donnan exclusion [50, 51]. Compared to RO, NF requires a lower pressure 
while providing a higher flux without much compromise in rejection [52, 53]. 
Compared to UF, NF is able to reject solutes with smaller radii, thus achieving 
better heavy metal removal efficiency in wastewater treatment [54]. So far, NF 
membranes have found growing applications to remove heavy metals, for 
instance lead, chromate, cadmium, and zinc [55-57]. 
 
1.3.2 Conventional materials of NF membranes 
 
In general, materials used to form NF membranes can be classified into three 
categories: polymeric membranes, inorganic membranes and hybrid organic-
inorganic membranes. Polymeric NF membranes can be made from cellulose, 
polysulfone (PS), polyethersulfone (PES), polyamide (PA), polyvinyl alcohol 
(PVA), polyvinylidene fluoride (PVDF), chitosan, polyimide, 
polyethersulfoneketone (PESK), and etc. [58]. Among them, PA and PS or PES 
form most of NF membranes for water treatments [59]. Inorganic membranes 
can also be divided into ceramic and carbon membranes. Ceramic membranes 
are commonly used inorganic membranes which may be derived from alumina, 
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silica, titania, zirconia or mixtures of the above materials [60, 61]. Ceramic 
membranes have the advantages of high chemical, mechanical and thermal 
stability. However, most of the ceramic NF membranes have relatively large 
molecular weight cut-off (MWCO), which is defined to be equivalent to the 
solute molecular weight if 90 % of the solute can be rejected by the membrane. 
It is hard to fabricate ceramic membranes with MWCO of less than 500 Da. To 
solve the issue, fabrication of ceramic membranes through several layers has 
been proposed so that meso- or micro-porous active layers can be synthesized 
on top of micro-porous supports, reducing MWCO of the produced membranes 
to below 500 Da.  However, optimization is needed to scale up the process. In 
addition, due to their high manufacturing cost, most of the ceramic membranes 
are limited to the applications where polymeric membranes face tremendous 
challenges [45, 61, 62]. Thus, hybrid organic-inorganic membranes which 
comprise of both organic and inorganic materials are proposed. The purpose of 
the hybrid system is to combine the advantages of the individual materials, i.e. 
good thermal and chemical stability of inorganic membranes, together with the 
high packing density and good permselectivity of polymeric membranes [61]. 
Two types of the hybrid systems can be formed depending on the bonds between 
organic and inorganic materials. The bonds include (1) Van der Waals and/or 
hydrogen bonds, where one material is dispersed into another material; and (2) 
covalent bond, where organic and inorganic parts are amalgamated at molecular 
level or organic materials are grafted to an inorganic membrane matrix [63]. 
Examples of highly studied hybrid organic-inorganic membranes can be mixed 
matrix membranes (MMM) made of nanoparticle/polymeric materials and 
carbon nanotube/polymeric materials. Although inorganic and hybrid organic-
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inorganic membranes are attractive, the dominant NF materials are still 
polymeric materials. It is because polymeric materials are relatively inexpensive 
and can be specially designed to fit different applications [58, 64].            
 
1.3.3 Module types and configurations of NF membranes 
 
Membranes can be fabricated into three forms, flat sheet, tubular and hollow 
fiber. Flat sheet membranes can be further formed into two module types. One 
is plate-and-frame type module, where membrane pairs are placed in between 
plastic support plates and permeate is collected at one edge of the plate. This 
configuration has an advantage of easy replacement of faulty membrane pairs 
[65]. Another type of flat sheet module is spiral wound module, where flat 
sheets are efficiently packed in a cylindrical form and connected to a central 
product collection tube [66]. Compared to the plate-and-frame type of module, 
spiral wound module has larger membrane area per unit volume and requires 
lower space capacity because more membranes can be assembled into the 
cylindrical hose [65].  
 
Tubular membranes, in which membranes are supported on the inner surfaces 
of each tube, usually form tubular modules. Each tubular module may contain 
up to 30 tubes with each of them to be 6 meter in length. In applications like 
RO, diameter of the tube can be up to 12.7 mm, which is sufficient to promote 
turbulent flows in most situations. Thus, advantages of tubular modules may 




Hollow fiber modules can constitute more than 1000 tightly packed hollow 
fibers (internal diameter: 0.5-1.4 mm) in a small volume. The fibers, as long as 
1 m, are separated by epoxy at two ends [65]. Unlike the other module types, 
feed solutions of hollow fiber modules can be pressurized either from outer 
surface or inner surface, depending on whether the membranes are outer 
selective or inner selective. To form defect-free inner selective membranes, the 
inner surface of the membrane should have a small pore size and a narrow pore 
size distribution. A dense inner surface also helps to redistribute the stress under 
hydraulic pressure and provide a better cushion if further modifications are 
required. On the other hand, the dense selective layer is located on the outer 
surface of outer selective membranes. Unlike inner selective membranes, the 
inner surface of outer selective membranes is always porous to decrease 
transport resistance of solvents [67, 68].      
 
So far, most NF commercialized membranes are in the form of spiral wound 
and tubular. Fabrication of commercially available hollow fiber modules are not 
common. Compared to spiral wounds, hollow fiber membranes have more 
surface to volume ratio, enabling the formation of more compact modules. In 
addition, building of hollow fiber modules are simpler because spacers to 
separate flat sheets are unnecessary in hollow fiber modules. Furthermore, 
hollow fibers can self-support and be back washed to remove deposits during 
liquid separations [46]. Compared to tubular modules, hollow fiber modules 
require less feed volume due to smaller fiber diameters and thus lower energy 
input [66]. Other than that, hollow fiber modules have higher packing density 
to generate a higher flux per unit volume, thus reducing the unit cost [69-71]. A 
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list of comparisons among hollow fiber modules, tubular modules and spiral 
wound modules in terms of packing density, manufacturing cost and required 
feed flow rate are summarized in Table 1.4.    
 
Table 1.4 Comparison of different module types [46, 66]. 
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1.3.4 Fabrication of NF membranes 
 
Depending on the fabrication methods, hollow fiber NF membranes can be 
classified into integrated asymmetric membranes, thin-film composite (TFC) 
membranes and dual layer membranes [46]. Wholly integrated asymmetric NF 
membranes are normally made from cellulose acetate and other polymers or 
polymeric mixtures through phase inversion [72, 73]. This type of membrane is 
easy to fabricate and may have low cost depending on the polymer used. Despite 
the advantages, it is hard to improve the performance of wholly integrated 
asymmetric membranes in terms of rejection and water permeability for heavy 
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metal removal due to their relatively large pore sizes [61]. TFC NF membranes 
are more popular in heavy metal removal. In this process, an ultrathin selective 
layer is formed on top of a porous, thick and nonselective support through 
interfacial polymerization, coating or chemical modifications [74]. Though TFC 
membrane requires additional steps in fabrication, the selective layer and the 
support layer can be tuned separately so that high rejections of heavy metal ions 
can be achieved without compromising water permeability. Another type of 
hollow fiber membranes are dual layer membranes, which are typically formed 
by co-extruding two polymer dope solutions through a dual-layer spinneret. One 
may choose a cheaper polymer to form the thick support layer and high 
performance or functionalized materials as the thin selective layer. The system 
can also be optimized to reduce the manufacturing cost and improve the 
rejection of the resultant membrane. Nevertheless, fabrication of dual-layer 
membrane is still challenging as delamination may occur during hollow fiber 
spinning. Furthermore, the formed membrane usually has low water 
permeability [75, 76].         
 
1.3.5 NF in heavy metal removal 
 
NF is a promising method to remove heavy metals because of its advantages of 
easy operation, relatively low energy consumption and high removal efficiency. 
So far, it has been applied to remove nickel, arsenic, chromate, and lead in 
wastewater [6, 55, 57, 77-79] . However, most of the reported studies have used 
flat sheets or tubular membranes for heavy metal removal. Application of 
hollow fiber membranes for heavy metal removal has not been well studied. 
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Table 1.5 summarizes selected publications which employed hollow fiber NF 
membranes for heavy metal removal. It can be concluded that a high metal 
rejection normally correlates to a relatively low water flux or a low feed 
concentration. NF membranes with high flux and high metal rejection at high 
feed concentrations have yet to be reported.   
 
Table 1.5 Selected publications on heavy metal removal using hollow fiber 
NF membranes 










Feed: 75 ppm 
(pH = 12) 
Feed: 64 ppm 
Feed: 64 ppm 










Feed: 3771 ppm 
pH= 13.25, P = 
25 bar  
97.5 0.025 [57] 
 
Cr (VI)  
(K2Cr2O7) 
Feed: 520 ppm 
pH = 12, P = 20 
bar 









Feed: 56.55 ppm 







Pb2+(Pb(NO3)2) Feed: 1000ppm 
P = 15 bar 






Feed: 1000 ppm 
Feed: 1000 ppm 
Feed: 1000 ppm 
(pH = 12) 

















1.4 Introduction to interfacial polymerization and 
polyethyleneimine/polyimide cross-linking 
 
Most NF membranes are TFC membranes consisting of a thin selective layer on 
top of a porous substrate. Interfacial polymerization is frequently used to form 
the thin selective layer [51, 55, 83-86]. In this process, membrane substrates are 
contacted with an aqueous solution made from solutes such as m-
phenylenediamine (MPD). Afterwards, an acid chloride solution, for instance, 
trimesoyl chloride (TMC) in alkane solution, is flowed against the membrane 
so that a thin dense layer can be synthesized at the interface between water and 
alkane. By adjusting the monomers, additives and reaction conditions, 
interfacial polymerization can be tuned to create membranes with high 
permeability and salt rejection [87-92]. Since its introduction in 1970s [93, 94], 
interfacial polymerization has become the most dominant process to fabricate 
TFC membranes because of its advantages: (1) the system used for interfacial 
polymerization is simple to design and easy to operate; (2) the polymerization 
process is fast and can be carried out at room temperature; (3) a thin selective 
layer with high water permeability and salt rejection can be formed [87, 88]; 
and (4) both the thin selective layer and substrate layer can be optimized 
separately to maximize the performance of TFC membranes. Thus, interfacial 
polymerization has been identified to generate high performance membranes 
for heavy metal removal.  
 
Another interesting approach is polyethyleneimine (PEI)/polyimide cross-
24 
 
linking reaction. Recently, there is a growing interest in the positively charged 
PEI cross-linked polyimide NF membrane due to its good thermal, mechanical 
and chemical stabilities as well as its excellent rejections to multi-valent cations 
[95, 96]. Since the cross-linking reaction between PEI and polyimide substrates 
is easy to be conducted with a ring opening reaction on the backbone of 
polyimide (reaction scheme is displayed in Figure 1.2) [95], this approach has 
been recently used to form the outer selective layer of polyimide based NF 
hollow fibers [82]. The PEI cross-linking not only decreases pore size, but also 
brings in a plenty of amine groups on membrane surface. These amine groups 
are able to enhance the surface charge of the PEI cross-linked membranes, 
making the membranes highly positively charged against cations [97]. Most 
importantly, they may also provide additional sites for further surface 
modifications so that the membrane properties can be further tuned accordingly 
[72, 98-102]. As the rejection of the highly positively charged membrane to 
multi-valent anions is not so promising, different modifications can be 
investigated to enhance the membrane rejections of a wider variety of heavy 





Figure 1.2 A scheme of cross-linking reaction between polyimide (P84) and 
PEI, where imide groups of P84 react with amine groups of PEI forming 
amide groups on the products [82]. 
 
 
1.5 Research objectives and outline of the thesis 
 
Based on the above-mentioned literature review sections, the research gaps for 
this study can be summarized as follows: 
 Although removal of heavy metal ions through hollow fiber membranes has 
been investigated by a few studies, it is still less investigated as compared 
to that of tubular and flat sheet membranes. Hollow fiber membranes that 
are able to remove a wide range of heavy metal ions (both cation and anion) 
are still lacking.  
 Most studies only have around 95 % rejection to heavy metal ions.  
Fabrication of inner and outer selective hollow fiber NF membranes for 





Therefore, the main objective of this study is to develop high performance inner 
and outer selective hollow fiber NF membranes for heavy metal removal with 
the following specific objectives: 
(1) To produce inner selective hollow fiber membranes made from traditional 
interfacial polymerization with enhanced water permeability and salt 
rejection to heavy metal ions; 
(2) To find an alternative method of traditional interfacial polymerization to 
produce outer selective hollow fiber membranes as it is hard to form a 
defect-free polyamide layer on the outer surface of the hollow fiber 
membranes through the traditional interfacial polymerization;    
(3) To modify the method in objective (2) with the help of chelating polymers, 
so that the formed outer selective membrane may have enhanced rejection 
and water permeability;  
(4) To test the performance of the formed membranes by using a wide range of 
model heavy metals, for instance, Pb(NO3)2, CuSO4, NiCl2, CdCl2, ZnCl2, 
Na2Cr2O7 and Na2HAsO4.  
 
To clearly state the characterizations, the performance and the recommendations 
of the formed membranes, the thesis has been divided into 6 chapters. The 
content of the remaining chapters is briefly summarized below: 
 
Chapter 2 presents methods to characterize the fabricated NF membranes, for 




Chapter 3 provides a facile and effective method to modify TFC hollow fiber 
NF membranes by grafting poly (amidoamine) dendrimer (PAMAM) on the 
interfacially polymerized layer of PES membranes for heavy metal removal. 
The performances of the formed membranes are evaluated by different heavy 
metal solutions, followed by discussions and conclusions.   
 
In Chapter 4, methods to prepare the outer selective TFC hollow fiber 
membranes are explored by firstly modifying the membrane substrate with PEI 
and then by water soluble small molecules such as glutaraldehyde (GA) and 
epichlorohydrin (ECH). The rejection of the resultant membrane to CdCl2 are 
investigated. A detailed analysis on experimental findings are provided, 
followed by a short conclusion.  
 
Chapter 5 presents the feasibility of adsorbing chelating polymers containing 
negatively charged functional groups such as poly (acrylic acid-co-maleic acid) 
(PAM), poly (acrylic acid) (PAA) and poly (dimethylamine-co-epichlorohydrin-
co-ethylenediamine) (PDMED) on the positively charged PEI cross-linked P84 
hollow fiber substrate. Rejection of different heavy metal ions are presented in 
the study. Similar to Chapter 3 and Chapter 4, a detailed analysis on 
experimental findings are provided, followed by a short conclusion. 
 
Chapter 6 presents a general conclusion of the whole study, followed by a few 











The characterizations, such as morphology, mechanical strength, water 
permeability, rejection etc., of the formed membranes have been summarized in 
the below section.    
 
2.1 Morphology and topology of membranes 
 
The morphologies of the membranes were observed with a field emission 
scanning electron microscope (FESEM, JEOL, JSM-6700F) and a scanning 
electron microscope (SEM, JEOL, JSM-5600LV). To prepare the FESEM and 
SEM samples, all hollow fibers were freeze dried first. The fibers were then 
fractured in liquid nitrogen and stuck onto sample holders with carbon tapes. A 
thin layer of platinum was then coated on each sample surface with a platinum 
ion sputtering device (JEOL, JFC-1300E) before observation. 
 
The surface topologies of membranes were examined using a NanoscopeIIIa 
atomic force microscope (AFM) from Digital Instruments. The experiments 
were conducted using flat sheet membranes prepared the same process as 
hollow fiber membranes. For each membrane, an area of 10μm× 10μm was 
scanned at a rate of 1 Hz via the tapping mode. The analysis of AFM images 
was carried out as described elsewhere [103] using mean roughness (Ra) to 




2.2 Surface charges of membranes 
 
The surface charge of the membranes was analyzed by a SurPASS electrokinetic 
analyzer (Anton Paar GmbH, Austria) through streaming potential 
measurements. To mimic a hollow fiber membrane, flat-sheet membranes with 
the same dope formulation and post-treatments were prepared. All the 
membranes were well washed before tests. The testing procedures are as follows. 
A 0.01 M NaCl solution was used to test the membrane zeta-potential at the 
intrinsic pH of NaCl solution. Then a 0.1 M HCl was used to auto-titrate the 
solution pH from its neutral pH to pH 2.6. After that, the pH of the 0.01 M NaCl 
solution was increased gradually from pH 2.6 to pH 11 by auto-titrating the 
NaCl solution with 0.1M NaOH. The zeta potential of the membrane was 
recorded accordingly. The membrane surface charge as a function of pH and the 
isoelectric point were then determined.  
 
2.3 Mechanical strength 
 
An Instron 5542 tensile equipment was used to test the mechanical properties 
of hollow fiber membranes. All hollow fiber membranes were tested at the wet 
state. To prepare the samples, the targeted membranes were freeze dried and cut 
into fragments with a length of 80 mm. After that, the two ends of a fragment 
were clamped by the tensile testing equipment so that the fiber with an effective 
length of 50 mm between the two clamps was measured. The fiber was then 
elongated at a fixed rate of 10 mm/min until fiber breakage. The tensile stress, 
extension at break and Young’s modulus of the fiber were obtained. To ensure 
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experimental accuracy, at least 10 fibers of each condition were measured and 
an average value was reported. 
 
2.4 Water contact angles and chemistry of membrane surfaces 
 
The water contact angles of membrane surfaces were measured by a contact 
angle goniometer (Rame Hart, USA) at 22 ± 0.5˚C with DI water. Flat sheet 
membranes with sufficient large surface area were vacuum dried prior to 
experiments. They were pasted on glass plates for measuring immediately after 
being taken from vacuum oven. The experiments were done in air with sessile 
drops with volume of ~ 5 µL or equilvent spherical diameters of 2.11 mm. The 
surface contents were determined by X-ray photoelectron spectroscopy (XPS, 
Kratos AXIS UltraDLD spectrometer, Kratos Analytical Ltd) using freeze dried 
flat sheet membranes. The X-ray source used in the experiment is Mono Al 
Kα(hν=1486.71 eV, 5 mA, 15 kV(75 Watt)). Base pressure and working 
pressure of the study are 1 x 10-9 Torr and5 x 10-9 Torr, correspondingly. Pass 
energy for wide scan and narrow scan are 160 eV and 40 eV, respectively. 
 
2.5 Adsorption of heavy metals 
 
The experiments were also conducted using flat sheet membranes. The 
membranes were freeze dried prior to tests. During the tests, 100 mg of each 
membrane was cut and immersed into 200 ppm heavy metal solutions 
containing different single salts individually. The mixtures were then rotated on 
a roller continuously. The concentrations of the solutions were tracked until 
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reaching equilibrium which was around 60 hours. The heavy metal 
concentrations in the solutions were determined by an inductively coupled 
plasma optical emission spectroscopy (ICP-OES, Optima 7300DV, Perkin 
Elmer, USA). The adsorption amounts q (mg/g) of heavy metal ions on each 




                                                (2.1) 
where c0 and ceq represent the initial and equilibrium concentrations of heavy 
metal ions in the solution (mgL-1), correspondingly, V is the solution volume 
(L), and m is the mass of the dry membrane (g). 
  
2.6 Pure water permeability and pore size distribution of the membrane 
 
Pure water permeability (PWP) was tested by pure water flowing in the lumen 
side (inner selective membranes) or shell side (outer selective membranes) of 
the hollow fiber modules under the testing pressure. Two individual modules 
fabricated under the same conditions were tested simultaneously to ensure data 
repeatability. After the membranes were stabilized under pressure for 1 h, the 
permeate was collected. Three permeate samples were taken successively to 
ensure the PWP was stabilized. PWP (Lm-2bar-1h-1) can be calculated with the 
following formula: 
𝑃𝑊𝑃 =  
𝑄
𝐴∆𝑃
                                               (2.2) 
where 𝑄 is the water flux at the permeate side (L/h), A is the effective filtration 
area (m2) and ∆P is the transmembrane pressure (bar). PWP was tested under a 
constant feed flow rate of 0.3 Lmin-1 and 0.75 Lmin-1 for inner selective 




Ethylene glycol, diethylene glycol, triethylene glycol, glucose and sucrose were 
used to measure the pore size and pore size distribution of the membranes. 
Similar to the process used to test PWP, solutions containing 200 mgL-1 of these 
organic solutes were prepared and used as feed solutions. The solutions were 
then circulated in the lumen side or shell side of the membranes at working 
pressures to allow membranes stabilized for 1 h before sample collections. The 
organic solute concentrations in both feed and permeate were then determined 
by a total carbon analyzer (TOC ASI-5000A, Shimadze, Japan). The organic 
solute rejection R (%) of each molecule was calculated by the following 
equation:   
𝑅 = (1 −
𝑐𝑝
𝑐𝑓
) × 100%                                        (2.3) 
where cp and cf are the concentrations of the permeate and the feed solutions, 
respectively. Three pairs of samples (i.e., feed and permeate) with a time interval 
of 1 h were collected for each feed solution to ensure the system reaching 
stabilization. By using solutes with different molecular weight, a relationship 
between solute radius and its rejection was then found. The pore size and its 
distribution, the molecular weight cut-off (MWCO), the mean effective pore 
diameter (µp) and the geometric standard deviation (σp) of the membrane were 
therefore determined. The MWCO of a membrane is assumed to be equivalent 
to the molecular weight of a solute when the rejection of the solute is exactly 
90 %. The geometric mean diameter of solutes (µs) is defined to be the Stokes 
diameter of a solute when the solute rejection is 50 %.  The geometric standard 
deviation of µs (σg) can be calculated from the ratio of Stokes diameter when 
the solute rejection is 84.13 % over that when rejection is 50 %. µp and σp of a 
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membrane are assumed to be the same as µs and σg, respectively. The probability 
density function curve of membrane pore size can then be determined with the 










]                       (2.4) 
where dp is the pore size of the membrane. 
 
The MWs and Stokes radii of the neutral solutes used during pore size 
distribution tests are listed in Table 2.1 [108, 109].  
 
Table 2.1 The molecular weights and Stokes radii of neutral solutes used 
during pore size distribution. 
Solute MW (gmol-1) Rs (nm) 
Ethylene glycol 62 0.235  
Diethylene glycol 106 0.291  
Triethylene glycol 150 0.334  
Glucose 180 0.365  
Surcrose 342 0.471  
 
 
2.7 Salt rejection of formed membranes 
 
Salt rejections were tested in a similar way as PWP except that the feed solutions 
were changed to 1000 ppm salt solutions. Apart from solutions that were made 
of a single salt, several kinds of mixed ion solutions were prepared. The 
compositions of the mixed ion solutions were carefully chosen to avoid the 




Prior to testing of salt rejection, the fibers were rinsed to ensure that the 
conductivity of the permeate solution was below 1 µS/cm and the PWP was 
stabilized. During the tests, feed and permeate solutions were collected after the 
modules were stabilized at least 1 hour with salt solutions. Each test was 
measured three times by consecutively taking three samples with a time interval 
of 1 hour to ensure the modules were stabilized for measurements. The ion 
rejections and their standard deviations were calculated based on the average 
and standard deviations of the three measurements to ensure that the deviation 
was within 2%.  For MgCl2, MgSO4, NaCl and NaSO4 solutions, both the feed 
and the permeate solutions were collected and measured by a conductivity meter. 
As conductivities of these salt solutions are correlated to their concentrations, 
these conductivities were used to calculate the salt rejection of membranes at 
the intrinsic pH of the solution. Different from the salt solutions mentioned 
above, concentration of all heavy metal solutions was determined directly by 
ICP-OES. Salt rejection was calculated according to Formula (2.3) by replacing 
the concentrations of feed and permeate solutions to the conductivities or ion 





















POLY(AMIDOAMINE) DENDRIMER (PAMAM) GRAFTED ON THIN 
FILM COMPOSITE (TFC) NANOFILTRATION (NF) HOLLOW 




There is a growing interest in TFC hollow fiber membranes. Comparing to flat 
sheet membranes, hollow fiber membranes have a higher surface to volume 
ratio, require no spacer, and can be self-supportive [110]. A few studies have 
been done to develop inner selective hollow fiber membranes from interfacial 
polymerization for water treatments [111-114]. Although membranes made 
from interfacial polymerization have several advantages as shown in Section 
1.4, the interfacial polymerization process often increases the roughness of 
membrane surface, making the surface vulnerable for foulant attachments. 
Severe fouling phenomena have been observed on the interfacial 
polymerization layer [115-117]. Due to the decreased water permeability and 
the lowered rejection, fouling is unfavorable in membrane processes. Possible 
approaches to mitigate fouling on the TFC layer include (1) turning the surface 
to be more hydrophilic; and (2) making the surface smoother. Coating the TFC 
layer with functional polymers may offer such a solution. Yu et al. [118] studied 
the deposition of N-isopropylacrylamide-co-acrylic acid copolymers on the 
TFC membrane made from m-phenylenediamine (MPD) and trimesoyl chloride 
(TMC). The deposition enhanced surface hydrophilicity and charge 




Because poly (amidoamine) dendrimer (PAMAM) has a radially symmetrical 
and hyperbranched structure consisting of a large amount of amine groups (-
NH2) on dendrimer branches, not only may it possess active sites for chemical 
attachment [119-121], but also minimize the resistance for water to pass through. 
Theoretically, PAMAM can be grafted to the TFC layer through reactions 
between the amine groups on PAMAM chains and acyl chlorides (-COCl) or 
possibly carboxyl groups (-COOH) on the TFC layer. Since PAMAM has high 
hydrophilicity, grafting PAMAM may enhance membrane hydrophilicity and 
improve its anti-fouling properties.  
 
Therefore, the objectives of the study were to (1) fabricate TFC membranes 
made from interfacial polymerization for highly efficient heavy metal removal; 
(2) modify the interfacial polymerization layer with PAMAM to improve its 
surface hydrophilicity and anti-fouling resistance; (3) study the influence of 
various PAMAM generations on water permeability and rejections against 
heavy metal ions. Polyethersulfone (PES) is chosen as the substrate for the 
fabrication of TFC hollow fiber membranes because it has good mechanical 
properties and chemical resistance. In addition, it has been widely used in water 
industries owing to its superior hydrolysis resistance [122, 123]. The PAMAM 
coated TFC membranes will then be tested against a wide variety of heavy 
metals including Pb(NO3)2, CuSO4, NiCl2, CdCl2, ZnCl2, Na2Cr2O7, Na2HAsO4 







PES from Solvay Advanced Polymer (L.L.C., GA) was used to spin the 
membrane subtrates. The solvent to prepare the dope solutions was n-methyl-2-
pyrrolidine (NMP, > 99.5%, Merck, Germary). The non-solvents were 
polyethyleneglycol (PEG, MW 400, Sigma Aldrich) and deionized (DI) water 
(Millipore water purification system). Trimesoyl chloride (TMC, 98%, Sigma 
Aldrich), and m-phenylenediamine (MPD, > 99%, Sigma Aldrich), which were 
dissolved in n-hexane (99.9%, Fisher Scientific) and DI water, respectively, 
were utilized to synthesize the TFC layer on top of PES substrates via interfacial 
polymerization. Sodium dodecyl sulfate (SDS, > 97%, Fluka) was employed as 
an additive in the MPD solutions. Polyamidoamine (PAMAM, generation 0, 
MW 517, 64.05%; generation 1, MW 1430, 57.96%; generation 2, MW 3256, 
73.00 wt% in methanol, Dendritech ®, Inc. Midland) were used to modify the 
TFC layer. 
 
Ethylene glycol (99.8 %), diethylene glycol (≥ 99 %), triethylene glycol (99 %), 
and D-(+)-glucose (≥ 99.8) from Sigma-Aldrich were employed to measure the 
pore size and the pore size distribution of the original and modified TFC hollow 
fiber membranes. Inorganic salts, including Pb(NO3)2 (99%), CuSO4∙5H2O (> 
99%), NiCl2 (98%), CdCl2, ZnCl2 (98.5%), Na2Cr2O7∙2H2O (99%), 
Na2HAsO4∙7H2O (> 98%) and As2O3, were purchased from Acros. As2O3 was 
dissolved in dilute alkali solution made from NaOH and the rest salts were 
dissolved in DI water. Those heavy metal solutions were used to evaluate heavy 
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metal ion rejection of the membranes. HCl (37%) and NaOH (> 99%, Emsure®, 
Merck, Germany) were used to adjust the pH of the salt solutions.  
 
3.2.2 Preparation of the inner selective hollow fiber membranes 
 
Table 3.1 summarizes detailed spinning conditions for the PES hollow fiber 
supports with spinning procedure similar to our previous work [111]. In short, 
the dope solution was prepared with vacuum dried PES powders and was 
allowed still to degas for 24 hours after it was well-mixed. The dope solution 
was then poured into an ISCO syringe pump overnight before spinning. During 
spinning, the bore fluid, dope solution and pure NMP were conveyed by three 
individual ISCO pumps at certain flow rates through the inner, middle and outer 
channels of a triple orifice spinneret, respectively. After passing through a 
certain air gap, the nascent mixture entered the coagulant bath for phase 
separation. The hollow fibers were then collected by a take-up drum, and 
transferred to a water basin to complete the phase inversion. After a 2-day 
immersion in tap water, the fibers were soaked in a 50 wt% glycerol aqueous 
solution for 2 days and air dried subsequently. Hollow fiber modules were then 
made from the air dried fibers. Each module consists of 6 fibers with an effective 
length of 16 cm and an effective surface area of 17 cm2 for all experiments. The 








Table 3.1 Spinning conditions of PES hollow fiber membranes. 
Spinning condition Parameter 
Outer channel NMP 
Inner dope composition (wt. %) PES/PEG/NMP/water 
(20.4/37.7/37.7/4.2) 
Bore fluid Tap water 
Outer flow rate (ml/min) 0.1 
Inner dope flow rate (ml/min) 1.8 
Bore fluid flow rate (ml/min) 1.0 
Air gap (cm) 1.0 
Take-up speed (m/min) Free fall, 2.7 
External coagulant Tap water 







3.2.3 Fabrication of PAMAM grafted TFC hollow fiber membranes 
 
The membrane module was fixed in a vertical direction and the MPD, TMC or 
PAMAM solutions were flowed through the lumen side of the module from 
bottom to top sequentially. The flow rates of the solutions were controlled by a 
Manostat® Carter precision pump. First, the 2 wt% MPD aqueous solution 
containing 0.1 wt% SDS was fed into the lumen side of hollow fibers for 3 min 
at a flow rate of 4.25 ml/min. After that, the excess MPD residual solution or 
droplets were removed by sweeping air from a compressed air gun for 5 min 
across the membrane surface. A hexane solution containing 0.15 wt% TMC was 
then brought into contact with the MPD saturated inner surface at a flow rate of 
2.50 ml/min for 5 min. A thin polyamide layer is therefore formed upon the 
inner surface of hollow fibers as the selective layer. The resultant TFC 
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membranes were subsequently purged with air for 30 s to remove the residual 
hexane solution and was labelled as H_TFC. 
 
To further modify the inner surface by PAMAM with different generations 0, 1 
and 2 (abbreviated as PAMAM G0, G1 and G2), a 2.0 wt% PAMAM aqueous 
solution containing a specific generation was brought into the air-dried H_TFC 
membrane from bottom to top for 3 min at a flow rate of 4.25 ml/min. 
Subsequently, the excess PAMAM residual solution/droplets were removed by 
a sweeping air from a compressed air gun for 1 min. The modified membranes 
were labelled as H_PAMAM G0, H_PAMAM G1 and H_PAMAM G2 
respectively according to their PAMAM generations. All modules were stored 




Figure 3.1 The formation scheme of the dendrimer nanocomposite structure 
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3.3 Results and Discussions 
3.3.1 Membrane morphology 
 
The FESEM images of the H_Plain, H_TFC, and H_PAMAM G2 hollow fiber 
membranes are presented in Figure 3.2. The hollow fiber substrate (i.e., H_Plain) 
has an OD of 973 µm, ID of 562 µm and thickness of 205.5 µm. The cross-
section exhibits a sandwich structure that comprises a layer full of finger-like 
macro-voids located in the middle and two thin spongy-like layers at the inner 
and outer edges. The spongy-like inner selective layer provides not only an 
optimal pore diameter of 8.7 nm for effective interfacial polymerization [124-
126], but also robustness for high pressure operations. The finger-like structure 
offers high porosity that leads to a high pure water permeability of 231 Lm-2hr-
1bar-1. Such structure is resulted from the high amount of PEG that works as a 
weak non-solvent additive to enhance pore formation and improve pore 
connectivity, while water works as a strong non-solvent to enhance dope 





Figure 3.2 FESEM images of the original and modified PES membranes: (a) 
H_Plain; (b) H_TFC; (c) H_PAMAM G2. 
 
The inner surface of the unaltered substrate is smooth. After interfacial 
polymerization, a relatively thick and rough ridge-and-valley like polyamide 
layer is formed on the inner surface. After PAMAM G2 grafting, the inner 
surface becomes smoother as shown in Figure 3.2. Most valleys are covered by 
the coating. The observed phenomena are further confirmed by the AFM images 
as shown in Figure 3.3. The mean roughness (Ra) of TFC and PAMAM G2 
modified layers are 80.2 nm and 62.6 nm, respectively, indicating the successful 
grafting of PAMAM G2 monomers onto the interfacial polymerization layer. 
The smoother surface of the PAMAM G2 modified membrane may contribute 
to less tendency of surface fouling and thus a higher water permeability [127]. 
Compared to rough surface, smooth surface has higher repulsive energy barrier 
height with foulants. The foulants are also less likely trapped in the smooth 









Figure 3.3 AFM images of the original and modified PES membranes. 
 
3.3.2 XPS analyses 
 
In order to further confirm the successful grafting of PAMAM onto the TFC 
layer, the chemical changes of TFC top surfaces before and after PAMAM 
modification were examined by XPS. Table 3.2 summarizes the results. 
Compared to the fresh TFC membrane, both nitrogen and oxygen content 
increase as the molecular weight of PAMAM increases. Meanwhile, the carbon 
content reduces gradually from 77.41 % to 71.24 %. The results reconfirm the 
successful grafting of PAMAM onto the TFC layer. 
 
Table 3.2 The XPS results of original and modified TFC membranes. 
Membrane 
Atomic concentration 
(%) O/C N/C O/N 
C O N 
F_TFC 77.41 13.87 8.72 0.18 0.11 1.59 
F_PAMAM  G0 75.53 15.62 8.86 0.21 0.12 1.76 
F_PAMAM  G1 74.80 14.43 10.77 0.19 0.14 1.34 








Ra=2.12 ± 0.1 nm
F_TFC F_PAMAM G2
Ra=80.2 ± 2.8 nm Ra=62.6 ± 1.6 nm
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3.3.3 Hydrophilicity and surface charge 
 
As more amine groups are attached on membrane surface, both the 
hydrophilicity and charge properties are modified. Figure 3.4 shows the water 
contact angle as a function of PAMAM generation. The contact angle of the 
plain TFC membrane is about 70˚. After PAMAM grafting, it drops as PAMAM 
generation increases. The hydrophilicity of the TFC surface increases with an 
increase in PAMAM generation. 
 
 
Figure 3.4 The water contact angles of the original and modified membranes. 
 
Figure 3.5 shows the zeta-potential of the aforementioned membranes as a 
function of pH. The unaltered PES membrane is slightly positively charged 
below the isoelectric point of pH 4.3 but becomes negatively charged above pH 
4.3. After interfacial polymerization, the isoelectric point of the TFC membrane 
shifts to pH 3.2, indicating the membrane is negative charged due to the 


































amide groups (-CONH) form due to the condensation reaction between the –
NH2 groups of the PAMAM G2 and –COOH or –COCl groups of the TFC layer. 
Because of the amide groups and the unreacted –NH2 groups, F_PAMAM G2 
is highly positively charged between pH 2.0 to 11.0, possibly due to the import 
of amine groups through PAMAM. Interestingly, its zeta-potential drops sharply 
from pH 8.0 onwards possibly due to the deprotonation of protonated amine 
groups. However, the membrane surface remains positively charged at pH 11, 
indicating a large amount of amine groups exists on the membrane surface. In 
other words, the following protonation and deprotonation reactions may occur 
below and above pH 7: 
H2N –R+ H+                  H3N+ – R ( pH＜ 7)                          (3.1) 
  H3N+ – R + OH–                             H2N – R + H2O ( pH＞7)                 (3.2) 
Since grafted dendrimers have changed the surface properties of the TFC 
membrane, Donnan exclusion starts to play an important role in the heavy metal 
rejection, which will be discussed in a later section. 
 
 
Figure 3.5 Comparison of zeta-potential trends as a function of pH and 






























(isoelectric point: pH=3.2), and F_PAMAM G2 membranes. (Experiments 




3.3.4 Pore size, pore size distribution and MWCO 
 
Figure 3.6 displays the log-normal probability plots and probability density 
function curves of H_TFC and H_PAMAM G2 membranes, while Table 3.3 
tabulates their pore parameters of rp, σp, and MWCO. Linear relationships 
between log-normal solute rejections and solute Stokes radii are obtained with 
high correlation coefficients (r2> 0.97). According to Figure 3.6(b), the TFC 
membrane before PAMAM grafting has a broad pore size distribution with most 
pore radii falling in between 0.1 and 0.4 nm, which are smaller than the 
electrolyte hydrated radii of most heavy metal ions. After grafting, the 
probability density function curve sharpens. This indicates that the PAMAM G2 
grafting could be more efficient to block the large pores and thus decrease the 
overall membrane pore size. As a result, H_PAMAM G2 may have better 
separation performance to remove heavy metal ions than H_TFC.  
 
 
Figure 3.6 (a) Log-normal probability plots of the effective rejection curves 
(solute rejections vs. their Stokes radii); (b) Probability density function 
curves of the original and modified membranes. 





































































Table 3.3 Molecular weight cut off and mean effective pore radius. 
Membrane ID MWCO ( Da ) µp ( nm ) σp Test pressure (bar) 
H_TFC 176 0.461 1.40 10 
H_PAMAM G2 135 0.466 1.27 10 
 
 
3.3.5 PWP and MgCl2 rejection 
 
The PWP and MgCl2 rejections of the unaltered and PAMAM grafted TFC 
membranes were measured at different operating pressures. Before PWP tests, 
all membrane modules were stabilized in DI water at least 1 hour at 15 bar with 
a constant flow rate of 0.3 L/min. Feed and permeate of MgCl2 solutions were 
collected after the modules were stabilized at least 1 hour with salt solutions. 
Figure 3.7 summarizes their performance at 5 bar, 10 bar and 15 bar. Since the 
amine groups of PAMAM promote hydrophilicity, the PWP of PAMAM grafted 
TFC membranes increases dramatically as PAMAM molecular weight increases. 
Comparing to H_TFC, H_PAMAM G2 has the highest PWP increments of more 





Figure 3.7 PWP and rejections to MgCl2 of the H_TFC, and PAMAM grafted 
hollow fiber membranes. (The experiments were carried out using a 1000 
mg/L MgCl2 aqueous solution, tested at 25˚C). 
 
 
Surprisingly, the PWP values of the newly developed PAMAM grafted TFC 
membranes increase without compromising their MgCl2 rejections as the 
operation pressure increases. The interesting phenomenon is possibly due to the 
expansion of the hollow fiber substrate and the polyamide layer when increasing 
the testing pressure in the lumen side. As a consequence, the PAMAM_G2 
grafted TFC hollow fiber membrane has an enhanced PWP of 3.958 L.m-2hr-
1bar-1 at 15 bar because of an enlarged surface area and a thinner fiber wall. Han 
et al. [129] also observed the similar phenomenon when using hollow fiber 







































PWP, 5 bar PWP, 10 bar PWP, 15bar
Rejection, 5 bar Rejection, 10 bar Rejection, 15 bar
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3.3.6 Adsorption tests of the original and the modified membranes 
 
The adsorption of heavy metal ions on F_Plain, F_TFC, and F_PAMAM G2 
membranes were also investigated with results shown in Table 3.4. Among the 
three membranes, the F_Plain membrane made of PES has the lowest adsorption 
probably because of its smooth membrane surface as well as the intrinsic low 
sorption property. F_TFC has the highest adsorption of As5+ and As3+. After the 
PAMAM coating, the adsorption amounts are reduced for most heavy metal ions 
due to the coupling effects of reduced surface roughness and enhanced 
hydrophilicity of the TFC layer. In a nutshell, the adsorption amounts of heavy 
metal ions by all the three membranes are low. The small sorption amount 
indicates that adsorption may not play an important role in rejections of heavy 
metal ions for these newly developed membranes. Thus, steric effect and charge 
repulsion are the dominating mechanisms for heavy metal ion removal.  
 
Table 3.4 A comparison of heavy metal ions adsorptions of original and 
modified TFC membranes with other literature data. 
Membrane 
Metal adsorption, mg/g 





F_Plain 0.087 0.077 0.031 0.112 0.133 0.075 
F_TFC 0.146 0.094 0.033 0.217 0.511 0.537 
F_PAMAM G2 0.119 0.085 0.096 0.167 0.218 0.386 
 
 
3.3.7 Rejections of single heavy metal solutions 
 
Figure 3.8 shows the NF performance of H_TFC and H_PAMAM G2 
membranes using 1000 mg/L neutral Pb(NO3)2, CuSO4 and CdCl2 solutions as 
feeds at 10 bar. The two membranes show differences in water permeability but 
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minor differences in rejections. The water permeability of H_PAMAM G2 in 
all three cases is 24.8% ~ 31.7% higher than those of H_TFC possibly due to 
the increased surface hydrophilicity induced by PAMAM G2. In contrast, the 
two membranes show minor differences on cation rejections. For H_TFC 
membranes, their rejections are high and follow a weak trend of Pb2+ (99.43%) 
<Cd2+ (99.55%) <Cu2+ (99.58%). The pH values of the Pb(NO3)2, CdCl2 and 
CuSO4 solutions are 5.0, 4.8 and 4.6, respectively. Since they are all around the 
isoelectric point (IEP = 3.2) of the H_TFC membrane, surface charge of the 
membranes are low in these three solutions, indicating size exclusion is the 
dominate mechanism in the cation removal. Heavy metal ions are hydrated to 
some extent in the water [130]. The rejections of the three ions are somewhat 
correlated with their hydrated radii, which are listed in Table 3.5 [131, 132].  
 
 
Figure 3.8 Ion rejections (a) and water permeability (b) of H_TFC and 





























Table 3.5 Diffusivities, hydronium ion and electrolyte hydrated radii of 










+ 9.31 0.280 19.0 
Na+ 1.33 0.358 23.0 
Mg2+ 0.72 0.428 24.0 
Pb2+ 0.95 0.401 207.2 
Cd2+ 0.87 0.426 112.4 
Cu2+ 0.72 0.419 63.5 
Zn2+ 0.71 0.430 65.4 
Ni2+ 0.68 0.404 58.7 
CrO4
2- 1.14 0.375 116.0 
H3AsO3 1.03 - 124.9 
HAsO4




After grafting PAMAM G2, some large pore radii of H_PAMAM G2 
membranes decrease, implying greater size exclusion effect. In addition, 
H_PAMAM G2 membranes become highly positively charged and Donnan 
repulsion starts to play a more important role in cation removal. Thus, the 
rejections of H_PAMAM G2 membranes against Pb2+ and Cu2+ improve. 
However, their rejection against CdCl2 decreases slightly because CdCl2 may 
form Cd2+, CdCl+, CdCl3- and CdCl4
2- complex ions in water [133, 134]. The 
positively charged PAMAM G2 membrane may have slightly lower rejection 
to negatively charged ions. As a result, the rejection of the PAMAM G2 grafted 




Figure 3.9 shows the rejections and water permeability of H_TFC and 




) and As5+ (i.e., 
HAsO4
2-) feed solutions at different pH. For both ions, H_PAMAM G2 
membranes have 22.0% ~ 26.2% higher water permeability than H_TFC 
membranes. On the contrary, H_TFC performs better in rejections against both 
As3+ and As5+. Although H_PAMAM G2 membranes have a smaller MWCO, 
their positively charged surfaces make them less favourable to separate the 
negatively charged ions (i.e., HAsO4




 (i.e., As3+). 
The two membranes have higher rejections to As5+ than to As3+ because As5+ 
has a lower diffusivity than that of As3+ (0.32×10-9 m2s-1 vs. 1.03×10-9 m2s-1) as 
shown in Table 3.5 [80, 135].  
 
 
Figure 3.9 Rejections (left) and water permeability (right) of H_TFC and 
H_PAMAM G2 membranes using 1000 mg/L solutions at different pH at 10 
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When pH value increases from 8.0 to 11.0, the rejections of the two membranes 
against As5+ and As3+ increase. This is especially vivid for As3+ because the 
rejections of H_TFC and H_PAMAM G2 membranes increase from 88.13% to 
97.89% and 83.12% to 97.60%, respectively. Since As3+ can exist in water in 
the forms of H3AsO3, H2AsO3
- and HAsO3
2-, it mainly exists as un-charged 
H3AsO3 in water when pH < 9 but forms negatively charged H2AsO3
- and 
HAsO3
2- if pH > 9 [80, 136, 137]. Once both membranes become more 
negatively charged at a higher pH, the Donnan exclusion becomes more 
effective in removal of the negatively charged ions. These two reasons 
contribute to the enhanced rejection at higher pH values. The same mechanisms 
are applied to As5+. As5+ is able to form H2AsO4
-, HAsO4
2- and AsO4
3- in water. 
HAsO4
2- dominates in the solution when pH ≤ 9. At higher pH, more H2AsO3- 
and HAsO3
2- form.   
 
3.3.8 Rejections of mixed heavy metal solutions 
 
Figure 3.10 shows the NF performance of the membranes to a Zn/Ni/Cr mixed 
ion solution. This type of ion mixtures is commonly generated from the 
electroplating industry. The water permeability of H_PAMAM G2 membranes 
is 27% higher than that of H_TFC membranes. However, the rejections of 
H_PAMAM G2 membranes are a bit lower than those of H_TFC membranes. 
Similar to CdCl2, ZnCl2 and NiCl2 both form similar complex ions in water 
solutions [80, 133, 136-140]. Negatively charged H_TFC membranes may have 
better rejection to these two ions. Both membranes have lower rejections to Cr 
(VI) because Cr (VI) (Cr2O72-) has a higher diffusivity and a smaller size than 
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those of ZnCl2 and NiCl2 as shown in Table 3.5 [68, 130].    
 
Figure 3.10 Rejections of H_TFC and H_PAMAM G2 membranes to a mixed 
ion solutions containing 1000 mg/L Na2Cr2O7, ZnCl2 and NiCl2 (each around 
350 mg/L) at 10 bar and 25°C; Water permeability: 2.437±0.105 Lm−2bar−1h−1 
for H_TFC and 3.095±0.081 Lm−2bar−1h−1 for H_PAMAM G2. 
 
 
3.3.9 Long-term performance tests of H_TFC and H_PAMAM G2 
membranes 
 
Figure 3.11 shows the long-term separation performance of H_TFC and 
H_PAMAM G2 membranes for a continuous running of 72 hours. CdCl2 was 
chosen for the experiment because it forms both anions and cations, for instance 
Cd2+, CdCl+, CdCl3-, and CdCl42- in water.  Similar to the previous cases, the 
rejection of H_PAMAM G2 to Cd2+ is close to that of H_TFC. However, the 
water permeability of H_PAMAM G2 is stably higher than that of H_TFC over 
the whole testing period, indicating the excellent stability of the PAMAM 
coating on the TFC layer. In addition, H_PAMAM shows more stability with 
almost no decline in water permeability than that of H_TFC, indicating the 
Cr   99.11
Cr  98.21
Ni   99.39
Ni   99.21
Zn  99.36
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better anti-fouling property of the membrane. A comprehensive study of fouling 
properties of these two membranes with longer testing time and washing cycle 
will be tested in our future work with pilot modules. 
 
 
Figure 3.11 Long term separation performance of H_TFC and H_PAMAM G2 
membranes as a function of time by using a 1000 mg/L CdCl2 solution at 10 





In this study, novel high performance NF membranes for heavy metal removal 
were molecularly designed by grafting PAMAM dendrimers on the TFC PES 
membrane. The following conclusions can be drawn: 
 
(1) The presence of –NH2 groups from PAMAM makes the surface of the 
TFC membrane more positively charged in the acidic medium. Not only 
does it improve the hydrophilicity of the membrane but also increase 
water permeability. 
(2) Size exclusion and Donnan exclusion were found to be the major 





















































PAMAM grafted TFC membranes. Adsorption contributes little to the 
rejection of heavy metal ions.  
(3) The PAMAM G2 grafted PES membranes have much higher (i.e., 
27%~33% higher) water permeability than H_TFC membranes without 
compromising rejections for a wide range of heavy metal ions. The 
rejections of H_PAMAM G2 membranes against Pb2+, Cu2+, Cd2+ and 
As5+ can reach more than 99.2%. They show rejections more than 98% 
against mixed ion containing Ni2+, Zn2+ and Cr2O7
2- and more than 97.6 % 
against As3+.  
(4) Both H_TFC and H_PAMAM G2 membranes have good long term 
stabilities with high rejections and high water permeability for at least 
72 hours, but the latter has higher and more stable water permeability 
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MODIFICATION OF OUTER SELECTIVE P84 NANOFILTRATION 




The TFC layer can be formed on inner and/or outer surfaces of hollow fiber 
membranes [83, 112, 141]. Compared to inner selective membranes, the outer 
selective TFC hollow fiber membranes may have less mass transfer resistance 
and lower chances of being blocked by foulants compared to the inner ones. 
Thus, the outer selective TFC fibers can be fabricated into smaller fiber 
dimensions with a higher package density in modules [83]. Despite these 
advantages, the molecular design of an ideal TFC layer on the outer surface of 
hollow fiber membranes remains a challenge, making the mass production 
difficult [142]. Since most TFC layers are made from interfacial polymerization 
of MPD and TMC, removing excess solution after the MPD coating is the major 
obstacle in the process [88]. Vacuum assist interfacial polymerization or wipe 
drying are required to make a defect free polyamide layer [83, 143]. Another 
potential issue is that a large amount of alkane solvents has to be used during 
interfacial polymerization, which brings extra costs and environmental issues 
[144, 145]. Eliminating alkane solvents can be proposed to lower manufacture 
costs and yield a green production process.      
 
Since the PEI cross-linking not only decreases pore size, but also brings in 
plenty of amine groups on polyimide membrane surface, these amine groups 
may provide sites for further surface modifications. Thus, the aims of the study 
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are to: (1) chemically modify the PEI cross-linked membrane to develop outer 
selective hollow fiber membranes; (2) investigate the effects of different cross-
linkers on NF performance of the modified membranes; (3) develop a method 
by avoiding using the alkane solvent that is currently compulsory during 
interfacial polymerization. As a result, the study may open up an alternative to 
the traditional interfacial polymerization to fabricate outer selective hollow 
fiber NF membranes. 
 
To conceptually demonstrate the new approach, P84 (co-polyimide of 3,3’,4,4’-
benzophenone tetracarboxylic dianhydride with 80 % toluenediisocynate and 
20 % methylphenylenediisocyanate (BTDA-TDI/MDI)) was used to develop 
the hollow fiber substrate. P84 is chosen because it has outstanding chemical 
and thermal stability [146]. It has high glass transition temperature (Tg) of 
315 °C and can withstand strong solvents, such as toluene and ketone. To choose 
PEI with a larger molecular weight, hyperbranched PEI (MW: 60K gmol-1) was 
employed to enhance the rejection and bring in more amine groups onto the 
surface of the P84 substrate [109, 147]. Small molecules such as TMC, 
glutaraldehyde (GA) and epichlorohydrin (ECH), as shown in Figure 4.1, were 
used to further cross-link the unreacted amine groups on the membrane surface 
after the PEI cross-linking. GA and ECH were chosen because (1) both of them 
can react with amine groups; (2) both of them are soluble in water; (3) the 
reaction is relatively easy to occur between GA and amine groups or ECH and 
amine groups; and (4) they may work as the representatives of other functional 
molecules that containing aldehyde groups or epoxy groups. NaCl, Na2SO4, 
MgCl2 and MgSO4, were then utilized to investigate the NF performance of the 
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resultant membrane. The rejection against CdCl2 was subsequently tested to 
explore the potential application of the newly developed membranes for heavy 
metal removal. This study may provide an alternative method to produce outer 
selective hollow fiber membranes for heavy metal ion removal.  
 
 
Figure 4.1 The chemical structures and reaction schemes related to 
glutaraldehyde (GA), epichlorohydrin (ECH) and trimesoyl chloride (TMC). 
 
 
4.2 Experimental  
4.2.1 Materials 
 
The hollow fiber substrates were made from P84 powder (MW 153,000 gmol-1; 
HP Polymer GmbH, Austria). To prepare the dope solution for the substrate, 
methanol (99.8 %, Fisher Chemical) and N-methyl-2-pyrrolidine (NMP, 99.5 %, 
Merck, Germany) were used as non-solvent and solvent, respectively. 
Hyperbranched PEI (MW 60,000 gmol-1, Acros Organics, USA) was employed 
as a cross-linking agent to the substrate and was dissolved in a mixture of 




























form a 1 wt% solution. To further cross-link the unreacted amine groups on the 
membrane surface after the PEI cross-linking, GA (50 %, Alfa Aesar), TMC 
(98 %, Aldrich) and ECH (≥ 99 %, Fluka Analytical) were studied. Organic 
solutes, including ethylene glycol (EG), diethylene glycol (DEG), triethylene 
glycol (TEG), glucose and surcrose from Alfa Aesar and Sigma-Aldrich, were 
purchased to form 200 ppm aqueous solutions for pore size and pore size 
distribution analyses. NaCl (99.5 %, Sigma), NaSO4 (99 %, Riedel_de Haen), 
MgCl2 · 6H2O (99 %, Merck) and MgSO4 (≥ 99.5 %, Sigma-Aldrich) were 
acquired to test the NF performance of the membranes. After that, the heavy 
metal salt, for instance, CdCl2 (>99 %, Acros Organics), was utilized to test the 
heavy metal rejection and long term stability of the membranes. All salts were 
tested in the form of 1000 ppm aqueous solutions.    
 
4.2.2 Fabrication of outer selective hollow fiber substrates 
 
The detailed spinning procedures were similar to those in our previous work 
[82], while Table 4.1 shows the spinning conditions. The dope and bore fluid 
solutions were degassed overnight in two different ISCO pumps prior to 
spinning. The two solutions with different flow rates were pumped into a 
spinneret with the inner and outer diameters of 1.05 mm and 1.6 mm, 
respectively. Nascent fibers were subsequently formed in a coagulation tank 
after the two solutions passed through a certain air gap and then the fibers were 
collected by a take-up unit. The as-spun hollow fiber substrates were transferred 
to a water tank for two days to remove residual solvents. The resultant fibers 
were immersed in a 50 wt% glycerol aqueous solution for another two days and 
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air dried subsequently. The air-dried hollow fibers were cut and assembled to 
make hollow fiber modules. The P84 hollow fiber substrate had an outer 
diameter of 473.68 ± 7.46 µm and an inner diameter of 263.23 ± 12.32 µm. 
Each module comprised 20 pieces of fibers with an effective length of 14 cm. 
To remove the glycerol residual in hollow fibers, all hollow fiber modules were 
rinsed with water before tests. 
 
Table 4.1 The spinning conditions of the hollow fiber substrate. 
Spinning condition Parameter 
P84 dope solution (wt.%) P84/ methanol/ NMP 
(24/12/64) 
Dope flow rate (ml/min) 3 
Bore fluid composition (wt.%) NMP/ DI water (90/10) 
Bore fluid flow rate (ml/min) 1 
Air gap (cm) 4 
Take-up speed (m/min) 16.4 
External coagulant (-) Tap water 
Dope temperature (°C) 26±1 
Bore fluid temperature (°C) 26±1 
External coagulant temperature 
(°C) 
26±1 
Room humidity (%) 65~70 
Dimension of spinneret (mm) i.d. /o.d. (1.05/1.6) 
Die length of spinneret (mm) 6.5 
 
 
4.2.3 Chemical modifications of hollow fiber substrates 
 
A cross-flow set-up as described by Sun et al [109] was used to achieve the 
cross-linking modification between PEI and the outer surface of P84 hollow 
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fiber membranes.  As elucidated in Figure 4.2, PEI was firstly dissolved in a 50 
wt% isopropanol/water mixture to form a 1 wt% solution. The solution was then 
heated to 50 °C and circulated around the shell side of the hollow fiber 
substrates in a module with a flow rate of 400 ml/min for 1 h to induce PEI 
cross-linking. For additional GA and ECH modifications, the modules were 
rinsed by DI water to wash away the unreacted PEI after the first PEI cross-
linking modification. Then the modules were circulated by either a 0.5 wt% GA 
aqueous solution or a 6 wt% ECH aqueous solution around the shell side for 
certain durations at 50 °C.  For the TMC modification, the PEI cross-linked 
membrane was air-dried for 10 min immediately after the cross-linking. A 0.25 
wt% TMC in hexane solution was then flowed around the shell side of the 
membrane for 3 min to induce additional cross-linking. After that, the TMC 
modified membrane was heat treated for 15 min in an oven before being stored 
in DI water for performance tests. This membrane was used as a control to 
mimic the membranes made from traditional interfacial polymerization. For 
easy identification, M-PEI, M-PEI&GA, M-PEI&TMC and M-PEI&ECH were 
used to refer the PEI cross-linked only, GA, ECH and TMC modified 





Figure 4.2 The modification procedures of the membranes. 
 
4.3 Results and discussion 
4.3.1 Morphology of the membrane  
 
Figure 4.3 shows the morphologies of the M-PEI&GA hollow fiber membrane 
including its P84 substrate and PEI cross-linked surface.  Since a high content 
of NMP, i.e., 90 wt%, was employed as the bore fluid and tap water was used 
as the external coagulant, the resultant hollow fiber substrate is outer selective. 
The outer surface is a bit dense but the inner surface is fully porous. A few large 
outward pointed macrovoids can be found on the substrate cross-section 
because of water intrusion from shell side of the membrane during phase 
inversion [148]. These macrovoids may be eliminated by increasing polymer 
concentration, air gap or take-up speed [148, 149]. Except the few macrovoids, 
the fiber cross-section is spongy-like, as observed in the enlarged images 
(Figure 4.3(a-b)) with a magnification of 10,000. The pore structure is fully 
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inter-connected, indicating the membrane may have low resistance to water 
transport and have a high water flux. Many large pores can be found on the inner 
surface of the membrane as shown in Figure 4.3(c) due to the high NMP content 
in the bore fluid. Since no large pores can be observed on the outer surface of 
the P84 substrate (Figure 4.3(e)), implying its suitability for the PEI cross-
linking [82]. After the PEI cross-linking, small nodules can be observed on the 
membrane surface as shown in Figure 4.3(f). More nodules can be observed 
after the GA modification (Figure 4.3(g)). The surface roughness indirectly 
signifies the success of cross-linking on the membrane surface.  
 
 
Figure 4.3 The FESEM images of the M-PEI&GA hollow fiber membranes: 
(a) outer edge; (b) middle cross-section; (c) inner surface; (d) whole cross-
section; (e) outer surface of the P84 substrate; (f) outer surface of the PEI 
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4.3.2 Surface charge of the membranes 
 
Figure 4.4 illustrates the surface charge profiles of the four membranes between 
pH 2 to pH 11. The isoelectric point of the PEI cross-linked membrane is pH 10, 
implying the membrane is positively charged below pH 10 and negatively 
charged above pH 10. A critical point of pH 9 can be found in the positively 
charged portion. At pH > 9, the membrane is highly positively charged but the 
zeta-potential decreases rapidly with an increase in pH. The zeta-potential drops 
to negative values at pH higher than 10. Compared to the PEI cross-linked 
membrane, the zeta-potential curves of the GA, TMC and ECH modified 
membranes move down, implying these modifications lower the surface charge 
and make the surface more negatively charged. The isoelectric points of GA, 
TMC and ECH modified membranes are pH 6.1, pH 5.2 and pH 6.7, 
respectively, which are much lower than that of the PEI cross-linked membrane. 
Moreover, all the three curves intercept at pH 4.1. Compared to GA and TMC 
modifications, a more flattened curve is found for the ECH modified membrane, 
indicating the ECH modification decreases the surface charge of the membrane 
both positively and negatively. As a result, a less surface charge may be found 
on the membrane surface of M-PEI&ECH at all pH range. Since ECH does not 
bring in new functional groups such as –COOH and –CHO as compared to TMC 
and GA, the less charged membrane may have a better anti-fouling property 





Figure 4.4 The surface charge profiles of the membranes with different 
modifications as a function of pH. 
 
 
4.3.3 Influence of different modifications on the performance of the PEI 
cross-linked membranes 
 
All NF tests were done at 5 bar. The influence of GA, TMC and ECH 
modifications on the separation performance of the PEI cross-linked 
membranes is displayed in Figure 4.5. Four salts, MgCl2, Na2SO4, NaCl and 
MgSO4, were used in NF tests. The PEI cross-linked membrane has the highest 
rejection to MgCl2 while the lowest rejection to Na2SO4 due to the Donnan 
effect of typical positively charged membranes. The PEI cross-linked membrane 
has comparable low rejections to NaCl and MgSO4. Since hexane was used as 
the solvent to dissolve TMC, the TMC modification is used as a reference in 
this study to mimic the traditional interfacial polymerization. Among the three 
modifications, the TMC modification has the lowest enhancement in separation 


































membrane has higher rejections to Na2SO4 and MgSO4 than the PEI cross-
linked membrane due to the decreased surface charge of the former membrane 
as shown in Figure 4.4. However, the TMC modification could not guarantee a 
significant improvement in rejection because of its inability to decrease 
membrane’s pore size, as discussed in a late section. The GA and ECH modified 
membranes have much higher rejections to Na2SO4 because they are less 
positively charged as compared to the PEI cross-linked membrane, as shown in 
Figure 4.4. In addition to Na2SO4, both membranes show higher salt rejections 
against MgCl2, NaCl and MgSO4. These results indicate that the GA and ECH 
modifications not only change membrane’s surface charge but also decrease 
membrane’s pore sizes. Comparing to ECH, GA is more effective to modify the 
PEI cross-linked membrane with a higher rejection because the GA modified 
membrane has rejections above 90% to the four salts.  
 
Since part of our objectives is (1) to replace MPD in interfacial polymerization 
by the PEI cross-linking so that the removing process of the excess MPD 
solution can be eliminated, and (2) to avoid the use of hexane for TMC so that 
the polymerization reaction is more environmental friendly than the traditional 
one. The PEI cross-linking fulfils the 1st objective and makes the coating process 
easy to be conducted and scaled up, while the GA and ECH modifications meets 
the 2nd objective because no alkane solution is involved. In addition, since both 
modifications take place in aqueous conditions, it makes the process relatively 
simple. Comparing to other studies, the newly developed process is also time-
saving because no air drying is required after the amine coating [100, 151]. A 
defect free NF layer with enhanced rejection can be formed almost immediately 
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Figure 4.5 The rejection of the membranes to MgCl2, Na2SO4, NaCl and 
MgSO4. 
 
Apart from the aforementioned advantages, the mechanism of forming the 
selective layer by the GA and ECH modifications is different from the 
conventional interfacial polymerization. In the conventional interfacial 
polymerization, MPD diffuses from the substrate pores and reacts with TMC at 
the interface of the two phases and results in a rough ridge-valley morphology 
[88, 89, 152]. In this study, amine groups are grafted and fixed on the membrane 
surface after the PEI cross-linking and then react with GA, ECH or TMC which 
diffuses from its aqueous or organic phase to the membrane surface. As a result, 
the formed selective layer is smoother. The mechanisms of the two approaches 






































Figure 4.6 Comparison of reaction mechanism of traditional interfacial 
polymerization and this study. 
 
 
Figure 4.7 summarizes the PWP and rejection values to DEG and CdCl2 of the 
four membranes. The GA, ECH and TMC modifications reduce the PWP of the 
PEI cross-linked membrane but enhance its rejection, indicating the successful 
formation of the selective layer. If the rejection to DEG is directly proportional 
to the reciprocal of pore size [153], the membrane’s pore size may follow the 
order of M-PEI> M-PEI&TMC> M-PEI&ECH> M-PEI&GA. In other words, 
GA, TMC and ECH modifications result in a decrease in pore size. Among them, 
the GA modification is the most effective. Figure 4.7 also compares their 
rejections to CdCl2. Consistent with their rejections to DEG, M-PEI&GA and 
M-PEI&ECH have higher rejections than the rest two because of the decreased 
pore sizes. However, the enhancements are lower than the expected due to the 
decreased surface charge. Because the M-PEI&GA membrane possesses 
enhanced rejections to DEG and CdCl2 with a reasonable good flux, it is used 
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4.3.4 Pore size distribution and mechanical strength of the hollow fiber 
 
Figure 4.8 shows the cumulative pore size distribution and probability density 
function curves of the PEI cross-linked and M-PEI&GA membranes, while 
Table 4.2 summaries their pore properties. Generally, M-PEI&GA has smaller 
pores than those of M-PEI. The former also has a narrower pore size distribution 
than the latter. Specifically, most of M-PEI’s pore sizes fall below 0.65 nm with 
a mean effective pore radius of 0.303 nm and a MWCO of 318 Da. After the 
GA modification, most of M-PEI&GA’s pore sizes are smaller than 0.45 nm 
with a mean effective pore radius of 0.254 nm and a MWCO of 154 Da. Clearly, 
the GA modification can decrease the pore sizes of the PEI cross-linked 
































































Figure 4.8 Cumulative pore size distribution curves (left) and probability 
density function curves (right) of M-PEI and M-PEI&GA. 
 
Table 4.2 Summary of mean effective pore radius (µp), geometric standard 
deviation σp and MWCO of M-PEI and M-PEI&GA. 
 
µp (nm) σp MWCO 
(Da) 
M-PEI 0.606 1.38 318 
M-PEI&GA 0.508 1.26 154 
 
 
The mechanical strength of the substrate, PEI cross-linked and GA modified 
membranes are tabulated in Table 4.3. The Young’s moduli of these three 
membranes have an increasing trend in the order of M-PEI&GA > M-PEI > 
substrate, indicating the proposed surface modifications help to improve 
Young’s modulus. The PEI cross-linked membrane shows a decreased tensile 
strength and elongation at break because the ring opening reaction during the 
PEI cross-linking modification may weaken the polyimide backbone. However, 
after the GA modification, both tensile strength and elongation at break are 
enhanced because the GA modification further cross-links the outer surface of 

























































































Substrate 267.74±21.34 7.26±0.36 17.62±0.01 
M-PEI 285.38±11.26 6.47 ±0.44 11.68±1.85 
M-PEI&GA 352.48±17.07 8.90±0.38 16.64±2.93 
 
 
4.3.5 Influence of GA coating time and concentration on NF performance 
 
Figure 4.9 displays the effects of GA modification conditions in terms of GA 
coating time and concentration on NF performance against Cd ions. For easy 
comparison, all water permeability in this section is normalized by the water 
permeability of the membrane modified by a 0.5 wt% GA solution for 40 min. 
As show in Figure 4.9(a) where the GA coating time varies but the GA 
concentration is constant (i.e., 0.5 wt%), the rejection increases slightly with an 
increase in coating time while the water permeability drops because a thicker 






Figure 4.9 Influence of GA coating time (top) and concentration (bottom) on 
salt rejection and water permeability of the M-PEI&GA membrane. 
 
 
Figure 4.9(b) illustrates the effects of GA concentration on rejection against Cd 
ions where a constant GA coating time (40 min) is employed. A similar trend is 
found. The rejection against CdCl2 increases with a sharp decrease in water 
permeability. Comparing to Figure 4.9(a), Figure 4.9(b) implies that an increase 
in GA concentration has a greater effect on the modified membrane with an 

















































































































4.3.6 Stability of the membranes 
 
Figure 4.10(a) shows the long-term stability and thermal stability of the M-
PEI&GA hollow fiber membrane. Similar to the Section 3.5, the membranes 
tested in this section were modified by a 0.5 wt% GA solution for 40 min. The 
membrane displays extreme stable separation performance during the 72h 
continuous run. Its rejection remains a straight line. However, the water 
permeability fluctuates a bit. The slightly decreasing trend in water permeability 
can be restored every 24 h when replenishing the feed solution with the collected 
permeate solution. In other words, since the feed concentration is kept 
increasing due to the release of the diluted permeate during the test, it results in 
a decrease in water permeability because of the increases in feed concentration 
and osmotic pressure [154]. Thus, to maintain the feed concentration, the feed 
solution needs dilution every 24 h with the collected permeate solution. Since 
the water permeability can be almost fully restored, this suggests that fouling 














Figure 4.10 Long term stability (top) and thermal stability (bottom) of the M-
PEI&GA membrane for cadmium removal. 
 
 
Figure 4.10(b) illustrates the influence of operating temperature from 5 to 60°C 
on separation performance. The water permeability increases significantly with 
an elevated operating temperature, reaching almost 2.5 times of the control 
sample (25°C) at 60°C. However, the salt rejection reaches the highest at 15 ℃ 












































































































lowest rejection occurs at 60 ℃ . Nevertheless, the rejections at all testing 
temperatures are above 90 % with a difference of 3.3 % between the highest and 
the lowest values. Clearly, the M-PEI&GA membrane has a good stability under 





In this study, several outer-selective thin-film composite hollow fiber 
membranes were developed. Unlike the traditional interfacial polymerization, 
the polyimide substrate was initially cross-linked with PEI. Then, three 
molecules, i.e., GA, TMC and ECH, were employed to further modify the PEI 
cross-linked membrane. Following conclusions can be drawn from this study: 
 
(1) The PEI cross-linking can be used as an alternative to overcome the 
difficulties in removing the excess MPD solution during interfacial 
polymerization. The PEI cross-linking modification can induce sites for 
further GA and ECH modifications, in which no alkane solution is needed 
as those traditional TFC membranes made from MPD and TMC. The 
process may decrease the fabrication cost.  
(2) GA, TMC and ECH modifications decrease the surface charge of the PEI 
cross-linked membrane, making the membranes less positively charged. 
In addition, the three modifications also decrease the pore size of the PEI 
cross-linked membranes and improve salt rejections. 
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(3) GA and ECH modifications significantly enhance the salt rejection of the 
formed membranes, especially against Na2SO4. The rejection of the GA 
modified membrane to NaCl can reach 90 % with a PWP of 1.74 ± 0.01 
Lm−2bar−1h−1.  
(4) Increasing GA cross-linking time or GA concentration during the 
modification enhances salt rejection but decreases water permeability.  
(5) The newly developed M-PEI&GA membrane has good long term stability 
up to 72 h with impressive thermal stability. It can be used for a wide 
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CHELATING MODIFIED P84 NANOFILTRATION (NF) HOLLOW 





As mentioned in Chapter 4, PEI cross-linking with polyimide NF membrane not 
only decreases the pore size of membrane, but also introduces plenty of amine 
groups on the membrane surface after PEI cross-linking. Compared to inner 
selective membranes shown in Chapter 3, membranes in Chapter 4 have slightly 
lower water permeability and rejection towards heavy metal ions. Thus, a new 
method is proposed to further modify the PEI cross-linked membrane. Usually, 
the rejection of the highly positively charged membrane to multi-valent anions 
is not so promising, which limits the application of PEI cross-linked membrane 
in the field of heavy metal removal. Thus, the purposes of the study are to (1) 
modify the surface charge of the NF membrane to slightly charged so that the 
membrane is capable of removing a wide range of heavy metals and (2) 
introduce the adsorption mechanism other than size exclusion and charge 
repulsion to improve the rejection efficiency of the membrane.     
 
To our best knowledge, the concept of adsorbing polyelectrolyte chelating 
polymers onto NF membranes for heavy metal removal has not been proposed 
before. These polymers, such as poly (acrylic acid) (PAA), poly (acrylic acid-
co-maleic acid) (PAM) and poly (dimethylamine-co-epichlorohydrin-co-
ethylenediamine) (PDMED) (structures shown in Figure 5.1), are chosen 
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because (1) the charged functional groups can enhance the adsorption of the 
polymers onto the oppositely charged membrane substrate [155]; (2) the 
negatively charged functional groups on these polymers can change the 
membrane surface charge, making it more negatively charged at high pH [156]; 
(3) the adsorption of polyelectrolyte, such as PAA, has been reported to have 
the anti-fouling function in the previous literature [153]; (4) chelating polymers 
are able to absorb heavy metal ions, which provides additional means to remove 
heavy metal ions [157]; (5) the polyelectrolyte coating may decrease the 
membrane pore size and enhance the rejection [153]; and (6) the adsorbed 
coating is simple and can be customized according to different applications. 
 
 
Figure 5.1 Chemical structures of the chelating polymers: poly(acrylic acid) 




To effectively coat the polyelectrolytes and provide mechanically strong support 
under high pressure operations, a substrate with a macrovoid-free structure and 
finely tuned pore size was formed by P84. Similar to that of Chapter 4, a 
hyperbranched PEI with a molecular weight of 60K gmol-1 was used. After all 
Poly (acrylic acid) (PAA)
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modifications, heavy metal salts, including Pb(NO3)2, CuSO4, NiCl2, CdCl2, 
ZnCl2, Na2Cr2O7 and Na2HAsO4 were used to test the performance of the 
chelating polymer adsorbed membranes. The newly formed membranes may 





P84 powders, NMP and PEI used in this study were the same with that in 
Chapter 4. Methanol (99.8 %, Fisher Chemical, UK) was used as the non-
solvent to prepare dope solution. Isopropanol (99.98 %, Fisher Chemical, UK) 
and deionized water were used to dissolve PEI. Chelating polymers, such as 
PAA 2K (MW of 2K gmol-1, 50 %), PAA 100K (MW of 100K gmol-1, 35 %), 
PAA 250K (MW of 250K gmol-1, 35 %), PAM (MW of 3K gmol-1, 50 %) and 
PDMED (MW of 75K gmol-1, 50 %), were acquired from Aldrich. Heavy metal 
salts were dissolved in DI water to form heavy metal solutions with 300 ppm or 
1000 ppm concentrations. HCl (37 %) and NaOH (>99 %, Emsure®, Merck, 
Germany) were diluted and used to adjust the pH of salt solutions as well as to 
test the membrane stability. 
 
5.2.2 Fabrication of the outer selective hollow fiber substrate 
 
The spinning procedure is similar to that discussed in Chapter 4. The 
formulations of the dope solution and the bore fluid, together with the spinning 
conditions, are summarized in Table 5.1. Hollow fiber modules consisting of 20 
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fibers with an effective length of 14 cm were prepared for all the experiments.   
 
Table 5.1 The spinning conditions of the P84 hollow fiber membrane. 
Spinning condition Condition 
P84 dope solution (wt.%) P84/ methanol/ NMP 
(28:10:62) 
Dope flow rate (ml/min) 3 
Bore fluid composition (wt.%) NMP/ DI water (90:10) 
Bore fluid flow rate (ml/min) 1.5 
Air gap (cm) 4.5 
Take-up speed (m/min) 39.9 
External coagulant (-) Tap water 
Dope temperature (°C) 26±1 
Bore fluid temperature (°C) 26±1 
External coagulant temperature 
(°C) 
26±1 
Room humidity (%) 65~70 
Dimension of spinneret (mm) i.d. /o.d. (1.05/1.6) 
Die length of spinneret (mm) 6.5 
 
 
5.2.3 Modification of the as-spun membrane 
 
The cross-flow set-up used in Chapter 4 was used to achieve the cross-linking 
modification between PEI and the outer surface of P84 hollow fiber membranes. 
The cross-linking solution was formed by dissolving 1 wt% of PEI in a 50 wt% 
isopropanol aqueous solution. The solution was circulated in the shell side of 
the membrane at 70 °C and 400 ml/min for 1 hour. After that, the module was 
rinsed with DI water at 1 bar to remove the unreacted residuals. The rejection 
of the cross-linked membrane to MgCl2 was then tested to ensure the cross-
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linking was efficient and consistent. The adsorptions of various polyelectrolytes 
were then performed on the cross-linked membranes. During the adsorption 
process, a 50 mg/L aqueous polyeletrolyte solution was circulated through the 
shell side of the membrane at 1 bar overnight at room temperature. The adsorbed 
membrane was then rinsed from the shell to lumen side at both 1 bar and 10 bar 
until the flux was stabilized. The cleaned membrane was then ready for testing. 
The procedure of the chemical modification is summarized in Figure 5.2.  
 
 
Figure 5.2 The modification process of the P84 hollow fiber membrane 
(Step 1: remove glycerol; Step 2: PEI cross-linking; Step 3: remove the 
unreacted agent; Step 4: adsorption of the chelating polymer and Step 5: fiber 
rinsing before testing). 
 
 
5.2.4 Salt rejection of membranes  
 
The operating pressure for all the NF tests was maintained at 10 bar in this 
chapter. Except 1000 ppm heavy metal solutions made of a single salt, two kinds 
of mixed ion solutions were prepared. The compositions of the mixed ion 
solutions were carefully chosen so that no precipitates formed in the solution. 
Feed solutions from the shell side, steps and conditions:           
(1) DI water at 1bar from the shell side to lumen 
(2) PEI solution at 70°C & 400ml/min for 1h
(3) DI water at 1bar
(4) Chelating polymer aqueous solution at 1bar for 12 hours 
(5) DI water at 1bar
83 
 
The first kind consists of 1200 ppm Cu, Ni, Zn and Cr ions (each 300 ppm). The 
second type comprises 300 ppm Pb and 300 ppm Cd ions.  
 
5.3 Results and Discussions 
5.3.1 Characteristics of the membranes 
 
In this part, PAA 100K is used as the representative of chelating polymers for 
all characterizations because the density of its negatively charged functional 
group is between that of PAM and PDMED. For easy discussion, the PEI cross-
linked membrane is denoted as Plain-PEI, while the PAA100K adsorbed 
membrane is signified as Plain-PEI&PAA100K. 
 
Hollow fiber membranes comprising a macrovoid-free cross-sectional structure 
are preferred in NF because they may have (1) high mechanical strength to 
sustain high operation pressures, (2) less defective surface for high rejection and 
(3) more uniform pore size distribution [149, 158]. The ways to fabricate 
macrovoid-free hollow fiber membranes have been summarized in literatures 
[159]. A macrovoid-free hollow fiber membrane was therefore achieved in this 
study by manipulating the spinning conditions as well as the dope solution. As 
listed in Table 5.1, a dope solution consisting of a high polymer concentration 
of 28 wt % and a non-solvent of methanol was prepared. The non-solvent 
additive was chosen because the resultant dope solution can be spun at a high 
take-up speed to achieve a macrovoid-free structure [160]. The FESEM images 
of the plain P84 membranes are presented in Figure 5.3. At a lower 
magnification (Figure 5.3(a)), the membrane cross-section looks quite dense. 
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However, a highly porous structure can be observed at a higher magnification 
(Figure 5.3(b)). No obvious pore structures can be seen on the outer surface 
(Figure 5.3(c)), indicating the membrane substrate is apparently defect-free. 
Besides, the inner layer of the substrate may pose little resistance to water 
transport as big holes can be found on the inner surface (Figure 5.3(d)). After 
PEI cross-linking, some small nodules are observed on the membrane surface 
(Figure 5.3(e)). The membrane becomes a little rougher after the adsorption of 
PAA 100k (Figure 5.3(f)). 
 
 
Figure 5.3 FESEM images of the plain P84 membrane (a) cross-section (200 
X), (b) cross-section (10,000 X), (c) outer surface (50,000 X) and (d) inner 
surface (10,000 X); and membrane outer surface with post-treatment (e) PEI 
cross-linked (Plain-PEI, 50,000 X) and (f) PEI cross-linked and PAA adsorbed 













Figure 5.4 shows the ATR-FTIR spectra of the unaltered P84, Plain-PEI and 
Plain-PEI&PAA 100K membranes. The resolution and the number of scans of 
the FTIR tests were 2 cm-1 and 64, respectively. Instead of representative peaks 
of imide at 1770 cm-1 (C=O stretching), 1716 cm-1 (C=O stretching) and 1357 
cm-1 (C-N stretching), new peaks at 1651 cm-1 (C=O stretching) and 1543 cm-1 
(C-N stretching) appear after PEI cross-linking, implying the formation of the 
amide group [82, 97]. After the PAA 100k adsorption, an additional peak was 
found at 1735-1708 cm-1 except all the peaks in Plain-PEI, indicating the 
successfully adsorption of PAA [153].     
 
 
Figure 5.4 Comparison of ATR-FTIR spectra among the plain P84 membrane, 




The surface charge characteristics as a function of pH of the plain P84, PEI 





















plain P84 membrane has an isoelectric point of 3.2, which is similar to our 
previous characterizations of polyimide membranes [82]. After the PEI cross-
linking modification, due to the protonation of the amine groups of PEI and the 
amide groups formed between PEI and P84, the PEI cross-linked membrane is 
highly positively charged below its isoelectric point of pH 9.4. After the PAA 
100K adsorption, the membrane becomes more negatively charged because the 
isoelectric point shifts to pH 6.2 possibly due to the protonation of amine or 
amide groups (below pH 9.4) and deprotonation of carboxyl groups. The nearly 
neutral surface charge between pH 6 and 8 may help decrease membrane fouling 
[150, 161].  
 
 
Figure 5.5 Comparison of zeta-potential trends as a function of pH and 
isoelectric points among the plain P84 membrane (isoelectric point: pH 3.2), 
PEI cross-linked membrane (Plain-PEI, isoelectric point: pH 9.4) and PAA 

































5.3.2 Influence of chelating polymer types and molecular weights on NF 
performance 
 
Three types of heavy metal ions, Pb2+, Cd2+ complex ions (because CdCl2 forms 
complex metal ions of Cd2+, CdCl+, CdCl3- and CdCl42 in solutions [75]) and 
Cr2O72-, were chosen for comparison purposes in this study to represent positive 
charged ion, complex ion and negatively charged ion, respectively.  
 
The influences of different chelating polymers such as PAA 100k, PAM and 
PDMED on rejection and water permeability are shown in Figure 5.6(a). The 
plain-PEI membrane works as the control. The Plain-PEI membrane has a good 
rejection to Pb2+ (99.15 %) and a slightly lower rejection to Cd2+ complex ions 
(98 %). However, it has a poor rejection to Cr2O72- (less than 80 %) due to the 
positively charged membrane surface. After adsorption of chelating polymers, 
all membranes show much higher rejections to Cr2O72-. Besides, their rejections 
to Pb2+ and Cd2+ complex ions also improve. Clearly, the adsorption of a 
chelating polymer on membranes with negatively charged functional groups 
helps improve the ion rejections, especially the negatively charged ions. The 
increased rejection may due to a few combined effects. Firstly, adsorption of 
chelating polymers may decrease the pore size of the membrane, resulting in 
removal of more ions through size exclusion [153]. Secondly, chelating polymer 
brings in negatively charged functional groups such as carboxyl groups and 
hydroxyl groups. Those functional groups help to decrease the surface charge 
of the membrane, making the membrane less positively charged. Thus, the 
rejection of the membrane to anion increases. Thirdly, the chelating polymers 
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also brings in additional rejection mechanism of adsorption. As a result, the 
modified membranes have much higher rejection to anions such as chromate. 
When comparing the influences of different chelating polymers to metal ion 
rejections, the following trend can be found: Plain-PEI&PAM > Plain-
PEI&PAA 100K > Plain-PEI&PDMED. It is easy to interpret this phenomenon 
as PAM has the highest density of negatively charged functional groups among 
the three polymers. More PAM may be adsorbed on the membrane, making the 
membrane surface more negatively charged. Compared to PAA 100K and PAM, 
PDMED has more positively charged groups. Though the Plain-PEI&PDMED 
membrane has a little lower rejection than those of Plain-PEI&PAA 100k and 
Plain-PEI&PAM membranes, it has performance better than the Plain-PEI 
membrane. Water permeability for all membranes follows the trend of: Plain-
PEI> Plain-PEI&PDMED> Plain-PEI&PAA 100k> Plain-PEI&PAM, which is 
the reverse order of rejections. However, it is lower than that of the Plain-PEI 






Figure 5.6 Influence of (a) different chelating polymers (b) PAA molecular 




To investigate the influence of molecular weight of the chelating polymer on 
charge properties and separation performance of the PEI cross-linked membrane, 
PAA was chosen for experiments because: (1) the rejections and permeability 
of the Plain-PEI&PAA membrane are in between those of Plain-PEI&PDMED 
and Plain-PEI&PAM membranes, (2) the PAA adsorbed membrane has certain 
antifouling properties according to Ba et al. [153], and (3) several molecular 
weights of PAA such as PAA 2K, PAA 100K and PAA 250K are available in the 
market. Figure 5.6(b) shows the influence of PAA molecular weight on 
membrane performance. No significant effects of PAA molecular weight on ion 
rejection and water permeability can be found. According to Chitpong et al, the 
total number of functional groups attached to the membranes may be 
independent of the PAA molecular weight [37]. Thus, PAA 100k is chosen for 
the following experiments.     
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  5.3.3 Adsorption tests of the membrane 
 
The adsorption of heavy metal ions on the plain P84, Plain-PEI and Plain-
PEI&PAA 100K membranes were investigated with the data shown in Figure 
5.7. Among the three membranes, Plain-PEI&PAA 100K has the highest 
adsorption of Pb2+ and Cd2+ complex ion, while Plain-PEI has the highest 
adsorption of Cr2O72-.  The plain P84 membrane contributes the least toward 
heavy metal adsorption. The results confirm that the chelating polymers on 
Plain-PEI (PEI is also a chelating polymer [163]) and Plain-PEI&PAA 100K 
membranes promote the adsorption of heavy metals on the membrane surface. 
Thus, besides size exclusion and charge repulsion, the newly modified NF 
membrane may also remove heavy metal ions with the aid of adsorption.  
 
 
Figure 5.7 Adsorption of heavy metal ions on the plain P84, PEI cross-linked 
(Plain-PEI) and PAA adsorbed (Plain-PEI&PAA 100k) membranes. 
 
 
5.3.4 Rejection tests of the Plain-PEI&PAA 100K membrane 
 




























membrane (Plain-PEI&PAA 100k) to different single heavy metal ions. As 
aforementioned, size exclusion (steric effect) and charge repulsion (Donnan 
exclusion) are two main mechanisms that contribute to the rejections of NF 
membranes. In this study, the steric effect is primarily related to the hydrated 
radii of heavy metal ions, while the Donnan exclusion effect mostly depends on 
the charge of heavy metal ions as well as the surface charge of the membrane. 
Hydrated radii [131, 132] and diffusivities [57, 80, 135, 164, 165] of all the 
heavy metal ions tested are summarized in Table 3.5. These heavy metal ions 
can be classified into three categories, which are simple cations (Cu2+ and Pb2+), 
oxoanions (Cr2O72- and HAsO42-), and complex metal ions (Zn2+ complex ions 
Ni2+ complex ions and Cd2+ complex ions). Both the cations in the simple 
cations have the same charge, i.e. +2 charges.  Rejection of Pb2+ (99.48 %) is 
slightly lower than that of Cu2+ (99.95 %), which is the order of their hydrated 
radii. For the oxoanions, the rejection of HAsO42- (99.52 %) is much higher 
than that of Cr2O72- (93.55 %). It can be explained in two ways. Firstly, the pH 
of Na2HAsO4 solution (pH 7.7) is much higher than that of Na2Cr2O7 (pH 4.9). 
The membrane is more negatively charged in the Na2HAsO4 solution. Secondly, 
the diffusivity of HAsO42- is much lower than that of Cr2O72-, indicating a larger 
hydrated radius of HAsO42- [166]. Thus, the rejection to HAsO42- is higher than 
that of Cr2O72-. However, the rejection of Cr2O72- can be improved significantly 
by increasing the solution pH as the membrane would become more negatively 
charged. The rejection of Cr2O72- is increased from 93.55 % to 98.93 % when 
the pH of the solution is adjusted from pH 4.9 to pH 10. For complex metal ions, 
rejections of these ions are all significantly high and follow the weakly trend of 
Cd2+ complex ions < Zn2+ complex ions < Ni2+ (99.73 %) probably due to the 
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larger hydrated radius of Ni2+. The water permeability of almost all the salt 
solutions is above 1 Lm-2bar-1h-1. The performance of the membrane is 
comparable to literatures for the removal of heavy metal ions by hollow fiber 
membranes as shown in Table 1.5. [57, 68, 75, 80-82]. 
 
 
Figure 5.8 Ion rejections (left) and water permeability (right) of the PAA 




The rejections of mixed ion solutions are also tested, as shown in Figure 5.9. As 
described in Section 2.4.4, two kinds of mixed ions solutions were prepared. 
For both solutions, ion rejections are above 99.8 % except for Cr2O72-, which is 
97.6 %. Compared to Figure 5.8, the rejections of most ions in mixed ion tests 
are slightly higher than their counterparts in single ion tests because a much 
lower ion concentration was used in the mixed ion tests (each ion is 300 ppm). 
The water permeability of the first mixed solution made of four ions (Cu, Ni, 
Zn and Cr ions) decreases a bit, while the second mixed solution made of two 
ions (Pb and Cd ions) increases a bit compared to the single ions solution. It 
may be related to the total salt concentration in the solution because a high salt 
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concentration normally contribute to a low flux due to the effects of 
concentration polarization [154].   
 
 
Figure 5.9 Rejection of the PAA adsorbed membrane (Plain-PEI&PAA 100k) 
to two kinds of mixed ion solutions: (a) 1200 ppm Na2Cr2O7, ZnCl2, NiCl2 and 
CuSO4 (each 300 ppm); water permeability: 0.76±0.045 Lm−2bar−1h−1; b) 300 




5.3.5 The stability of the Plain-PEI&PAA 100K membrane 
 
Figure 5.10 (left) shows the long term stability of the Plain-PEI&PAA 100K 
fiber for a continuous rejection test of 60 hours. CdCl2 was chosen for the 
experiment because it forms both cation and anions in water and has high 
toxicity to human beings [75]. The rejection remains stable and high throughout 
the entire experiment. The water permeability also exhibits good stability but it 
slightly decreases as a function of time probably due to scaling which is normal 
in NF tests. However, the water permeability can be recovered by means of 
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Various heavy metal ions were also used to test the membrane stability after 
different pure wash cycles. Figure 5.10 (right) shows the results where the 
separation performance of Cd2+ complex ion performs as a reference after wash 
cycles to check the membrane sustainability. It can be found that the membrane 
has high rejections for all ions even after 10 wash cycles. By examining the 
separation performance of Cd2+ complex ions after 5 cycles and 10 cycles, a 
slight increase in permeability (~0.4 Lm−2bar−1h−1) was noticed with a very 
minor fluctuation in rejection of < 0.5 %. The increase in permeability may be 
caused by the slight wash away of PAA molecules. However, the permeability 
is still much lower than that of the Plain-PEI membrane, indicating the 
adsorption of majority PAA molecules are stable. 
 
 
Figure 5.10 Long term stability of the PAA adsorbed membrane (Plain-
PEI&PAA 100k) as a function of time by using a 1000 ppm CdCl2 solution 
(left) and influence of wash cycles on the PAA adsorbed membrane (Plain-
PEI&PAA 100k) by using different heavy metal solutions (right). 
 
 
Figure 5.11 shows the influence of acid or base wash on membrane performance. 
To test the stability of the adsorbed membrane after acid or base wash, the 
chelating polymer adsorbed membrane was washed with a diluted HNO3 





































































































two days. The membrane rejections after both acid and base wash decrease a bit, 
especially for Cr2O72-, but they are still higher than the Plain-PEI membrane. 
There is a minor increase in water permeability. Both phenomena are either 
caused by the wash away of the chelating polymer or the increase of surface 
pores through PAA chain contraction at lower or higher pH [153]. 
 
 
Figure 5.11 Influence of acid wash and base wash on the ion rejection (top) 




5.4 Conclusion  
 
In this study, high efficiency NF membranes to remove heavy metal ions have 
been developed by adsorption of chelating polymers on the PEI cross-linked 
membrane. The following conclusion can be drawn: 
 
(1) Adsorption of chelating polymers such as PAM, PAA and PDMED on 
the PEI cross-linked membrane can improve the membrane rejection to 
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all the simple cations, oxoanions and complex metal ions. The molecular 
weight of the chelating polymer does not affect the rejection much. 
(2)  The positive charge of the PAA adsorbed membrane becomes much 
lower compared to that of the PEI cross-linked membrane. Adsorption 
experiments also indicate that both Plain-PEI and Plain-PEI&PAA 
membranes have chelating effects and are able to remove heavy metal 
ions through adsorption. 
(3) The chelating polymer adsorbed membranes have excellent rejections 
(>98%) to most heavy metal ions with comparable water permeability. 
They also have outstanding rejections to mixed ions with rejections 
more than 99%.  
(4) Size exclusion and Donnan exclusion are the major rejection 
mechanisms of the chelating polymer adsorbed membranes. However, 
adsorption may only play a minor role in high rejections of heavy metal 
ions in the long-term tests.  
(5) The newly developed membranes display good performance stability in 
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In the thesis, fabrication of hollow fiber NF membranes for heavy metal 
removals has been investigated through (1) dry-jet wet-spinning process to form 
hollow fiber substrates; and (2) interfacial polymerization or PEI/polyimide 
cross-linking reactions to form the selective layer of the as-spun membranes. In 
Chapter 3, inner selective TFC hollow fiber membranes have been formed 
through modifications of interfacial polymerization layer with different 
generations of PAMAM. Because interfacial polymerization is hard to be 
conducted on the outer surface of hollow fiber membranes, PEI/polyimide 
cross-linking reaction has been applied to synthesize high performance outer 
selective TFC hollow fiber membranes. In Chapter 4 and Chapter 5, free amine 
groups introduced by PEI cross-linking have been further modified through 
chemical reactions or electrostatic interactions, respectively. Both inner 
selective and outer selective hollow fiber membranes formed in the thesis have 
shown good performance for heavy metal removal. A brief summary of each 
study is provided below. 
 
To form inner selective hollow fiber membranes with good rejection and water 
permeability, PAMAM with different generations is used to modify the 
polyamide layer formed through interfacial polymerization. The PAMAM 
grafting not only decreases the pore size of the composite membrane, but also 
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provides the positively charged functional groups, such as secondary and 
tertiary amine groups (R2H2R+ and R3HN+), on the membrane surface to 
improve the hydrophilicity and water permeability of the TFC membrane 
without compromising rejections. Thus, the resultant membrane possesses 
rejections over 99% against most tested heavy metals like Pb2+, Cu2+, Ni2+, Cd2+, 
Zn2+ and AS5+, with an outstanding PWP greater than 3.6 L.m-2h-1bar-1 at 10bar. 
The rejection of the membrane to AS3+ is also impressive. It can reach 97% by 
changing the solution pH. Moreover, the membrane shows stable performance 
for at least 72 hours under continuous testing. This PAMAM grafted TFC 
membrane may have great potential for heavy metal removal and other water 
treatment applications via inner selective membranes. 
 
Since it is difficult to remove excess MPD solution when doing interfacial 
polymerization on the outer surface of hollow fiber membranes, other processes 
mimic interfacial polymerization are proposed to fabricate outer selective 
hollow fiber membranes. Thus, outer selective TFC hollow fiber membranes 
were explored by firstly modifying the membrane substrate with PEI and then 
by water soluble small molecules such as GA and ECH. Using P84 polyimide 
as the substrate, not only do these modifications decrease substrate’s pore size, 
but also vary surface charge by making the membranes less positively charged. 
As a result, the resultant membranes have higher rejections against salts such as 
Na2SO4, NaCl and MgSO4. The PEI and then GA modified membrane has the 
best separation performance with a NaCl rejection over 90 % and a pure water 
permeability of 1.74 ± 0.01 Lm−2bar−1h−1. It also shows an impressive rejection 
of 94 % for CdCl2 removal during long-term stability tests. The CdCl2 rejection 
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remains higher than 90% when testing it from 5 to 60 °C.  
 
Though outer selective membranes with good rejection to CdCl2 have been 
achieved, the performance of the formed membranes is lower than that of inner 
selective membranes made from traditional interfacial polymerization. Instead 
of chemical reaction, adsorption of chelating polymers containing negatively 
charged functional groups such as PAM, PAA and PDMED on the positively 
charged PEI cross-linked P84 hollow fiber substrate are thus proposed. Not only 
do these chelating polymers change the surface charge and membrane pore size, 
but also provide an extra mean to remove heavy metal ions through adsorption 
in addition to traditional steric effect and Donnan exclusion. The adsorbed 
membranes have comparable water permeability and good rejections to heavy 
metals, for instance, Pb(NO3)2, CuSO4, NiCl2, CdCl2, ZnCl2, Na2Cr2O7 and 
Na2HAsO4, with rejections higher than 98 %. The membranes also display 
excellent rejections to mixed ions with rejections more than 99 %. The newly 
developed membranes show reasonably stability during 60-hour tests as well as 
multiple washes. 
 
In summary, both inner and outer selective hollow fiber membranes have been 
fabricated in the thesis to remove heavy metal ions. They demonstrated 
outstanding rejections to most of the heavy metal ions tested of higher than 99 %. 
The water permeability of the fabricated membranes in this study is also 
comparable to the reported results by other researchers. This study may provide 
useful insights for manufacturing next-generation hollow fiber NF membranes 






There are several challenges in the development of hollow fiber NF membranes.  
 
One challenge in NF would be to improve the water permeability of a membrane 
without compromise of its salt rejection. A high water permeability is normally 
correlated to a relatively low rejection due to the enlarged pore size of the 
membrane. Thus, to further improve the water permeability of formed 
membranes but maintain 99 % rejections to heavy metal ions is a challenge.   
 
Another challenge is to broaden the application of NF from water to organic 
feeds, so that NF can be used to separate pharmaceutical compounds or oil 
product from harsh solvents. To achieve this goal, the membranes should be 
stable and persevere their performance in a range of solvents. However, 
robustness and stability of the membranes are still issues to be solved. 
Furthermore, it is difficult to lower down the pore size of the membranes in the 
solvents. As a result, most membranes can only be used in a specific application.  
 
Scaling up of hollow fiber NF membranes is also an issue to be solved. To date, 
most commercialized NF membranes are in the form of flat sheet and tubular. 
Hollow fiber NF membranes are still lacking in the market due to the scale up 
issue. Thus, to make the scale up easy, hollow fiber membranes should be 




Thus, the following recommendations can be generated based on the current 
studies:  
 
a. The properties of the polyamide layer from interfacial polymerization 
can be tuned by using different monomers, surfactants or additives. To 
further enhance the water permeability of formed membranes, amines 
with different molecular structures will be examined. Apart from that, 
different inorganic fillers will be used so that favourable flow paths can 
be created in the polyamide layer, leading to an enhanced flux.  
b. By using P84 as the membrane substrates, the outer selective 
membranes formed in the study can be fully cross-linked with different 
amines. The cross-linked membranes may not only have good rejections 
to heavy metal ions but also possess outstanding performance in the 
organic solvent NF to recover pharmaceutical compounds in solvent, 
such as methanol and dimethyl sulfoxide. 
c. Dual layer membranes made from polybenzimidazole (PBI) and P84 
(P84 as the support layer) can be proposed to reduce the cost of the 
formed membranes. By fully cross-linking the P84 layer, this type of 
dual layer membranes may have potential in the organic solvent NF 
applications when alcohol is used as solvent.    
d. Since wastewater may contain other pollutants, such as dyes and 
pharmaceutical compounds, rejection of dyes and pharmaceutical 
compounds can be applied by using the formed membranes in this thesis.   
e. Scaling up is an important aspect in membrane fabrication. Dual 
modifications by PEI and GA on the surface of the outer selective TFC 
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hollow fiber membranes may provide such a way to scale up the outer 
selective hollow fiber membranes. Modules with larger dimensions can 
be fabricated to evaluate the performance of the membranes in a pilot 












































[1] C.J. Vorosmarty, P.B. McIntyre, M.O. Gessner, D. Dudgeon, A. Prusevich, 
P. Green, S. Glidden, S.E. Bunn, C.A. Sullivan, C.R. Liermann, P.M. Davies, 
Global threats to human water security and river biodiversity, Nature 467 (2010) 
555-561. 
[2] F.R. Rijsberman, Water scarcity: fact or fiction?, Agricultural Water 
Management 80 (2006) 5-22. 
[3] H. Hirt, Introduction, in: H. Hirt, K. Shinozaki (Eds.) Plant responses to 
abiotic stress, Springer-Verlag Berlin Heidelberg, 2004, pp. 6. 
[4] J.P. Chen, Occurrence and importance of heavy metal contamination CRC 
Press, Boca Raton, London, New York, 2012. 
[5] M. Athar, S.B. Vohora, Heavy metals and environment, New age 
international (P) Ltd., New Delhi, 2001. 
[6] T.A. Kurniawan, G.Y.S. Chan, W.H. Lo, S. Babel, Physico-chemical 
treatment techniques for wastewater laden with heavy metals, Chemical 
Engineering Journal 118 (2006) 83-98. 
[7] R.H. Friis, Essentials of environmental health, Jones and Bartlett Publishers, 
Boston, Toronto, London, Singapore, 2004. 
[8] B. Dubey, A.K. Pal, G. Singh, Airborne particulate matter: source scenario 
and their impact on human health and environment, in: R.P. Singh, A. Singh, V. 
Srivastava (Eds.) Environmental issues surrounding human overpopulation IGI 
Global Hershey, 2017, pp. 202-223. 
[9] I. Ali, H.Y. Aboul-Enein, Instrumental methods in metal ion speciation CRC 
Press, Boca Raton, 2006. 
[10] C. Warren, Brush with death: a social history of lead poisoning, The Johns 
Hopkins University Press, 2000. 
[11] Y. Xu, D. Zhao, Removal of copper from contaminated soil by use of 
poly(amidoamine) dendrimers, Environmental Science & Technology 39 (2005) 
2369-2375. 
[12] F.L. Fu, Q. Wang, Removal of heavy metal ions from wastewaters: A 
review, Journal of Environmental Management 92 (2011) 407-418. 
[13] S. Majumder, S. Gupta, S. Raghuvanshi, Removal of dissolved metals by 
bioremediation, in: S.K. Sharma (Ed.) Heavy metals in water- presence, 
removal and safety, Royal Society of Chemistry Cambridge, pp. 44-56. 
[14] K.S.W. Sing, Adsorption by active carbons, in: F. Rouquerol, J. Rouquerol, 
K.S.W. Sing, P. Llewellyn, G. Maurin (Eds.) Adsorpton by powders and porous 
solids- principles, methodology and applications Academic Press, Oxford, 
Amsterdam,Waltham, San Diego, 2014, pp. 321-391. 
[15] S. Babel, T.A. Kurniawan, Low-cost adsorbents for heavy metals uptake 
from contaminated water: a review, Journal of Hazardous Materials 97 (2003) 
219-243. 
[16] S.E. Baileya, T.J. Olin, R.M. Bricka, D.D. Adrian, A review of potentially 
low-cost sorbents for heavy metals, Water Research 33 (1999) 2469-2479. 
[17] R.D. Philippis, E. Micheletti, Heavy metal removal with 
exopolysaccharide-producing cyanobacteria, in: L.K. Wang, J.P. Chen, Y.T. 
Hung, N.K. Shammas (Eds.) Heavy metals in the environment CRC Press, New 
York, 2009, pp. 89-118. 
104 
 
[18] D.M. Fermino, W.L. Oliani, C.G.B. Andrade, A.B. Lugao, D.F. Parra, 
F.R.V. Diaz, mechanical properties of polypropylene nanocomposites with 
organoclay and discarded bond paper, in: J.S. Carpenter, C. Bai, J.P. Escobedo, 
J.Y. Hwang, S. Ikhmayies, B. Li, J. Li, S.N. Monteiro, Z. Peng, M. Zhang (Eds.) 
Characterization of minerals, metals and materials 2015, Springer, 2015, pp. 
659-666. 
[19] C. Blocher, J. Dorda, V. Mavrov, H. Chmiel, N.K. Lazaridis, K.A. Matis, 
Hybrid flotation- membrane filtration process for the removal of heavy metal 
ions from wastewater, Water Research 37 (2003) 4018-4026. 
[20] T.A. Davis, V.D. Grebenyuk, O. Grebenyuk, Electromembrane processes, 
in: S.P. Nunes, K.V. Peinemann (Eds.) Membrane technology in the chemical 
industry, Wiley-VCH, Weinheim, pp. 282. 
[21] W.V. Collentro, Pharmaceutical water-system design, operation, and 
validation, 2nd ed., Informa Healthcare, London, 2011. 
[22] H. Strathmann, Electrodialysis, in: R.D. Noble, S.A. Stern (Eds.) 
Membrane separation technology-principles and applications Elsevier, pp. 213-
282. 
[23] A.M. Bernardes, General aspects of membrane separation process, in: A.M. 
Bernardes, M.A.S. Rodrigues, J.Z. Ferreira (Eds.) Electrodialysis and water 
reuse, Springer-Verlag, Heidelberg, New York, Dordrecht, London, 2014, pp. 
3-10. 
[24] M. Paidar, V. Fateev, K. Bouzek, Membrane electrolysis—history, current 
status and perspective, Electrochimica Acta 209 (2016) 737-756. 
[25] I. Heidmann, W. Calmano, Removal of Zn(II), Cu(II), Ni(II), Ag(I) and 
Cr(VI) present in aqueous solutions by aluminium electrocoagulation, Journal 
of Hazardous Materials 152 (2008) 934-941. 
[26] T. Subbaiah, S.C. Mallick, K.G. Mishra, K. Sanjay, R.P. Das, 
Electrochemical precipitation of nickel hydroxide, Journal of Power Sources 
112 (2002) 562-569. 
[27] G. Chen, Electrochemical technologies in wastewater treatment, 
Separation and Purification Reviews 38 (2004) 11-41. 
[28] I.C. Escobar, B. Van der Bruggen, Modern applications in membrane 
science and tecnology, American Chemical Society Books, 2011. 
[29] S. Deon, P. Dutournie, P. Fievet, L. Limousy, P. Bourseau, Concentration 
polarization phenomenon during the nanofiltration of multi-ionic solutions: 
influence of the filtrated solution and operating conditions, Water Research 47 
(2013) 2260-2272. 
[30] Y. Cui, Q. Ge, X.Y. Liu, T.S. Chung, Novel forward osmosis process to 
effectively remove heavy metal ions, Journal of Membrane Science 467 (2014) 
188-194. 
[31] P. Zhao, B. Gao, Q. Yue, S. Liu, H.K. Shon, The performance of forward 
osmosis in treating high-salinity wastewater containing heavy metal Ni2+, 
Chemical Engineering Journal 288 (2016) 569-576. 
[32] A.A. Mohammed, A.F. Al-Alawy, T.K. Hussein, removal of lead, copper 
and nickel ions from wastewater by forward osmosis process, Diyala Journal of 
Engineering Sciences 16-17 (2015) 893-908. 
[33] C. Klaysom, T.Y. Cath, T. Depuydt, I.F.J. Vankelecom, Forward and 
pressure retarded osmosis: potential solutions for global challenges in energy 
and water supply, Chemical Society Reviews 42 (2013) 6959-6989. 
105 
 
[34] C.M. Werner, B.E. Logan, P.E. Saikaly, G.L. Amy, Wastewater treatment, 
energy recovery and desalination using a forward osmosis membrane in an air-
cathode microbial osmotic fuel cell, Journal of Membrane Science 428 (2013) 
116-122. 
[35] Stephen M. C. Ritchie , Kyle E. Kissick, L.G. Bachas, S.K. Sikdar, C. 
Parikh, D. Bhattacharyya, Polycysteine and other polyamino acid 
functionalized microfiltration membranes for heavy metal capture, 
Environmental Science & Technology 35 (2001) 3252-3258. 
[36] N. Chitpong, S.M. Husson, High-capacity, nanofiber-based ion-exchange 
membranes for the selective recovery of heavy metals from impaired waters, 
Separation and Purification Technology 179 (2017) 94-103. 
[37] N. Chitpong, S.M. Husson, Polyacid functionalized cellulose nanofiber 
membranes for removal of heavy metals from impaired waters, Journal of 
Membrane Science 523 (2017) 418-429. 
[38] R.S. Juang, R.C. Shiau, Metal removal from aqueous solutions using 
chitosan-enhanced membrane filtration, Journal of Membrane Science 165 
(2000) 159-167. 
[39] C.C. Tung, Y.M. Yang, C.H. Chang, J.R. Maa, Removal of copper ions 
and dissolved phenol from water using micellar-enhanced ultrafiltration with 
mixed surfactants, Waste Management 22 (2002) 695-701. 
[40] R.S. Juang, Y.Y. Xu, C.L. Chen, Separation and removal of metal ions 
from dilute solutions using micellar-enhanced ultrafiltration, Journal of 
Membrane Science 218 (2003) 257-267. 
[41] B. Tanhaei, M.P. Chenar, N. Saghatoleslami, M. Hesampour, T. Laakso, 
M. Kallioinen, M. Sillanpää, M. Mänttäri, Simultaneous removal of aniline and 
nickel from water by micellar-enhanced ultrafiltration with different molecular 
weight cut-off membranes, Separation and Purification Reviews 124 (2014) 26-
35. 
[42] Z.V.P. Murthy, L.B. Chaudhari, Rejection behavior of nickel ions from 
synthetic wastewater containing Na(2)SO(4), NiSO(4), MgCl(2) and CaCl(2) 
salts by nanofiltration and characterization of the membrane, Desalination 247 
(2009) 610-622. 
[43] K.Y. Wang, T.S. Chung, Polybenzimidazole nanofiltration hollow fiber for 
cephalexin separation, American Institute of Chemical Engineers 52 (2006) 
1363-1377. 
[44] I. Soroko, Y. Bhole, A.G. Livingston, Environmentally friendly route for 
the preparation of solvent resistant polyimide nanofiltration membranes, Green 
Chemistry 13 (2011) 162-168. 
[45] B. Van der Bruggen, J. Kim, Nanofiltration of aqueous solutions: recent 
developments and progresses, in: M.G. Buonomenna, G. Golemme (Eds.) 
Advanced materials for membrane preparation, Bentham eBooks, 2012, pp. 
228-247. 
[46] S.P. Sun, Fabrication of nanofiltration hollow fiber membranes for 
sustainable pharmaceutical manufacture, in:  Chemical and Pharmaceutical 
Engineering, National University of Singapore Singapore, 2011, pp. 158. 
[47] S. Darvishmanesh, T. Robberecht, P. Luis, J. Degrève, B. Van der Bruggen, 
Performance of nanofiltration membranes for solvent purification in the oil 
industry, Journal of the American Oil Chemists' Society 88 (2011) 1255-1261. 
106 
 
[48] B. Van der Bruggen, C. Vandecasteele, Removal of pollutants from surface 
water and groundwater by nanofiltration: overview of possible applications in 
the drinking water industry, Environmental Pollution 122 (2003) 435-445. 
[49] J. Schaep, C. Vandecasteele, A.W. Mohammad, W.R. Bowen, Modelling 
the retention of ionic components for different nanofiltration membranes, 
Separation and Purification Reviews 22-23 (2001) 169-179. 
[50] Y.C. Chiang, Y.Z. Hsub, R.C. Ruaan, C.J. Chuang, K.L. Tung, 
Nanofiltration membranes synthesized from hyperbranched polyethyleneimine, 
Journal of Membrane Science 326 (2009) 19-26. 
[51] Y. Zhou, S. Yu, C. Gao, X. Feng, Surface modification of thin film 
composite polyamide membranes by electrostatic self deposition of polycations 
for improved fouling resistance, Separation and Purification Technology 66 
(2009) 287-294. 
[52] H. Abu Qdais, H. Moussa, Removal of heavy metals from wastewater by 
membrane processes: a comparative study, Desalination 164 (2004) 105-110. 
[53] N. Hilal, A.W. Mohammad, B. Atkin, N.A. Darwish, Using atomic force 
microscopy towards improvement in nanofiltration membranes properties for 
desalination pre-treatment: a review, Desalination 157 (2003) 137-144. 
[54] R. Levenstein, D. Hasson, R. Semiat, Utilization of the Donnan effect for 
improving electrolyte separation with nanofiltration membranes, Journal of 
Membrane Science 116 (1996) 77-92. 
[55] B.A.M. Al-Rashdi, D.J. Johnson, N. Hilal, Removal of heavy metal ions 
by nanofiltration, Desalination 315 (2013) 2-17. 
[56] L.B. Chaudhari, Z.V.P. Murthy, Separation of Cd and Ni from 
multicomponent aqueous solutions by nanofiltration and characterization of 
membrane using IT model, Journal of Hazardous Materials 180 (2010) 309-315. 
[57] K.Y. Wang, T.S. Chung, R. Rajagopalan, Novel polybenzimidazole (PBI) 
nanofiltration membranes for the separation of sulfate and chromate from high 
alkalinity brine to facilitate the chlor-alkali process, Industrial & Engineering 
Chemistry Research 46 (2007) 1572-1577. 
[58] L. Wu, H. Wang, T.W. Xu, Z.L. Xu, Polymeric Membranes, in: L.Y. Jiang, 
N. Li (Eds.) Membrane-based separations in metallurgy- principles and 
applications, Elsevier, Amsterdam, Oxford, Cambridge, 2017, pp. 297-334. 
[59] B. Van der Bruggen, J. Kim, Nanofiltration of aqueous solutions: recent 
developments and progresses in: M.G. Buonomenna, G. Golemme (Eds.) 
Advanced materials for memrbane preparation, Bentham Books, 2012, pp. 228-
247. 
[60] A.J. Burggraaf, L. Cot, General overview, trends and prospects in: A.J. 
Burggraaf, L. Cot (Eds.) Fundamentals of inorganic membrane science and 
technology, Elsevier, 1996, pp. 1-20. 
[61] K.P. Lee, T.C. Arnot, D. Mattia, A review of reverse osmosis membrane 
materials for desalination—Development to date and future potential, Journal 
of Membrane Science 370 (2011) 1-22. 
[62] B. Van der Bruggen, C. Vandecasteele, T.V. Gestel, W. Doyen, R. Leysen, 
A review of perssure-driven membrane processes in wastewater treatment and 
drinking water production, Environmental Progress 22 (2003) 46-56. 
[63] B. Samiey, C.H. Cheng, J. Wu, Organic-inorganic hybrid polymers as 
adsorbents for removal of heavy metal ions from solutions: a review, Materials 
7 (2014) 673-726. 
107 
 
[64] M. Ulbricht, Advanced functional polymer membranes, Polymer 47 (2006) 
2217-2262. 
[65] M. Caric, J.C. Akkerman, S. Milanovic, S.E. Kentish, A.Y. Tamime, 
Technology of evaporators, membrane processing and dryers in: A.Y. Tamime 
(Ed.) Dairy powders and concentrated products, Wiley-Blackwell, 2009. 
[66] D. Bhattacharyya, M.E. Williams, R.J. Ray, S.B. McCray, Design, in: 
W.S.W. Ho, K.K. Sirkar (Eds.) Membrane handbook, Springer Science + 
Business Media, LLC, New York, 1992. 
[67] S. Zhang, G. Han, X. Li, C.F. Wan, T.S. Chung, Pressure retarded osmosis: 
fundamentals, in: A. Cipollina, G. Micale (Eds.) Sustainable energy from 
salinity gradients, Woodhead Publishing, Amsterdam, Boston, Cambridge, 
Heidelberg, London, New York, Oxford, Paris, San Diego, San Francisco, 
Singapore, Sydney, Tokyo, 2016, pp. 19-54. 
[68] K.Y. Wang, T.S. Chung, Fabrication of polybenzimidazole (PBI) 
nanofiltration hollow fiber membranes for removal of chromate, Journal of 
Membrane Science 281 (2006) 307-315. 
[69] Y. Shimizu, Y.l. Okuno, K. Uryu, S. Ohtsubo, A. Watanabe, Filtration 
characteristics of hollow fiber microfiltration membranes used in membrane 
bioreactor for domestic wastewater treatment, Water Research 30 (1996) 2385-
2392. 
[70] R.C. Viadero, Effects of membrane rotation and transmembrane pressure 
on the high-shear rotary ultrafiltration of an oily wastewater in:  The college of 
Engineering and Mineral Resources, West Virginia University, Morgantown, 
1997. 
[71] S. Chellam, A. Zander, Membrane science and theory, in:  Microfiltration 
and ultrafiltration membrane for drinking water- Manual of water supply 
practices, M53, American Waterworks Association 2005, pp. 28. 
[72] S.P. Sun, T.A. Hatton, S.Y. Chan, T.S. Chung, Novel thin-film composite 
nanofiltration hollow fiber membranes with double repulsion for effective 
removal of emerging organic matters from water., Journal of Membrane Science 
401-402 (2012) 152-162. 
[73] L.Y. Jiang, T.S. Chung, D.F. Li, S. Cao, S. Kulprathipanja, Fabrication of 
matrimid/polyethersulfone dual-layer hollow fiber membranes for gas 
separation, Journal of Membrane Science 240 (2004) 91-103. 
[74] W.J. Lau, A.F. Ismail, N. Misdan, M.A. Kassim, A recent progress in thin 
film composite membrane: a review, Desalination 287 (2012) 190-199. 
[75] W.P. Zhu, S.P. Sun, J. Gao, F.J. Fu, T.S. Chung, Dual-layer 
polybenzimidazole/polyethersulfone (PBI/PES) nanofiltration (NF) hollow 
fiber membranes for heavy metals removal from wastewater, Journal of 
Membrane Science 456 (2014) 117-127. 
[76] F.J. Fu, S.P. Sun, S. Zhang, T.S. Chung, Pressure retarded osmosis dual-
layer hollow fiber membranes developed by co-casting method and ammonium 
persulfate (APS) treatment, Journal of Membrane Science 469 (2014) 488-498. 
[77] L.M. Ortega, R. Lebrun, J.F. Blais, R. Hausler, P. Droqui, Effectiveness of 
soil washing, nanofiltration and electrochemical treatment for the recovery of 
metal ions coming from a contaminated soil, Water Research 42 (2008) 1943-
1952. 
[78] J. Song, M. Zhang, A. Figoli, Y. Yin, B. Zhao, X.M. Li, T. He, Arsenic 
removal using a sulfonated poly(ether ether ketone) coated hollow fiber 
108 
 
nanofiltration membrane, Environmental Science Water Research & 
Technology 1 (2015) 839-845. 
[79] S.S. Hosseini, E. Bringas, N.R. Tan, I. Ortiz, M. Ghahramani, M.A. Alaei 
Shahmirzadi, , Recent progress in development of high performance polymeric 
membranes and materials for metal plating wastewater treatment: A review, 
Journal of Water Process Engineering 9 (2016) 78-110. 
[80] J.W. Lv, K.Y. Wang, T.S. Chung, Investigation of amphoteric 
polybenzimidazole (PBI) nanofiltration hollow fiber membrane for both cation 
and anions removal, Journal of Membrane Science 310 (2008) 557-566. 
[81] X. Wei, X. Kong, S. Wang, H. Xiang, J. Wang, J. Chen, Removal of heavy 
metals from electroplating wastewater by thin-film composite nanofiltration 
hollow-fiber membranes, Industrial & Engineering Chemistry Research 52 
(2013) 17583-17590. 
[82] J. Gao, S.P. Sun, W.P. Zhu, T.S. Chung, Polyethyleneimine (PEI) cross-
linked P84 nanofiltration (NF) hollow fiber membranes for Pb2+ removal, 
Journal of Membrane Science 452 (2014) 300-310. 
[83] S.P. Sun, T.S. Chung, Outer -selective pressure-retarded osmosis hollow 
fiber membranes from vacuum-assisted interfacial polymerization for osmotic 
power generation, Environmental Science & Technology 47 (2013) 13167-
13174. 
[84] D. Bhattacharyya, J. Hestekin, D. Shah, S. Ritchie, An overview of selected 
membrane techniques for environmental applications, Journal of the Chinese 
Institute of Chemical Engineers 33 (2002) 61-66. 
[85] X.Q. Cheng, L. Shao, C.H. Lau, High flux polyethylene glycol based 
nanofiltration membranes for water environmental remediation, Journal of 
Membrane Science 476 (2015) 95-104. 
[86] W. Fang, L. Shi, R. Wang, Interfacially polymerized composite 
nanofiltration hollow fiber membranes for low-pressure water softening, 
Journal of Membrane Science 430 (2013) 129-139. 
[87] P.B. Kosaraju, K.K. Sirkar, Interfacially polymerized thin film composite 
membranes on microporous polypropylene supports for solvent-resistant 
nanofiltration, Journal of Membrane Science 321 (2008) 155-161. 
[88] S. Verissimo, K.V. Peinemann, J. Bordado, Thin-film composite hollow 
fiber membranes: an optimized manufacturing method, Journal of Membrane 
Science 264 (2005) 48-55. 
[89] Y. Cui, X.Y. Liu, T.S. Chung, Enhanced osmotic energy generation from 
salinity gradients by modifying thin film composite membranes, Chemical 
Engineering Journal 242 (2014) 195-203. 
[90] Y.H. La, R. Sooriyakumaran, D.C. Miller, M. Fujiwara, Y. Terui, K. 
Yamanaka, B.D. McCloskey, B.D. Freeman, R.D. Allen, Novel thin film 
composite membrane containing ionizable hydrophobes: pH dependent reverse 
osmosis behavior and improved chlorine resistance, Journal of Materials 
Chemistry 20 (2010) 4615–4620. 
[91] X. Li, T.S. Chung, Effects of free volume in thin-film composite 
membranes on osmotic power generation, American Institute of Chemical 
Engineers 59 (2013) 4749-4761. 
[92] L. Shao, X.Q. Cheng, Y. Liu, S. Quan, J. Ma, S.Z. Zhao, K.Y. Wang, 
Newly developed nanofiltration (NF) composite membranes by interfacial 
polymerization for Safranin O and Aniline blue removal, Journal of Membrane 
Science 430 (2013) 96-105. 
109 
 
[93] J.E. Cadotte, Interfacially synthesized reverse osmosis membrane, in US 
US4277344A, 1979. 
[94] J.E. Cadotte, R.J. Petersen, R.E. Larson, E.E. Erickson, A new thin-film 
composite seawater reverse osmosis membrane, Desalination 32 (1980) 25-31. 
[95] J. Economy, J. Wang, C.Y. Ba, Design of advanced membrane and 
substrates for water purification and desalination, in: N. Savage, M. Diallo, J. 
Duncan, A. Street, R. Sustich (Eds.) Nanotechnology Application for Clean 
Water, William Andrew Inc., New York, 2009, pp. 96-107. 
[96] S. Cheng, D.L. Oatley, P.M. Williams, C.J. Wright, Characterisation and 
application of a novel positively charged nanofiltration membrane for the 
treatment of textile industry wastewater, Water Research 46 (2012) 33-42. 
[97] C.Y. Ba, J. Langer, J. Economy, Chemical modification of P84 
copolyimide membranes by polyethylenimine for nanofiltration, Journal of 
Membrane Science 327 (2009) 49-58. 
[98] Y. Lv, H.C. Yang, H.Q. Liang, L.S. Wan, Z.K. Xu, Nanofiltration 
membranes via co-deposition of polydopamine/polyethylenimine followed by 
cross-linking, Journal of Membrane Science 476 (2015) 50-58. 
[99] C. Feng, J. Xu, M. Li, Y. Tang, C.J. Gao, Studies on a novel nanofiltration 
membrane prepared by cross-linking of polyethyleneimine on polyacrylonitrile 
substrate, Journal of Membrane Science 451 (2014) 103-110. 
[100] R. Huang, G. Chen, M. Sun, C.J. Gao, A novel composite nanofiltration 
(NF) membrane prepared from graft copolymer of trimethylallyl ammonium 
chloride onto chitosan (GCTACC)/poly(acrylonitrile) (PAN) by 
epichlorohydrin cross-linking, Carbohydrate Research 341 (2006) 2777-2784. 
[101] R.H. Huang, G.H. Chen, M.K. Sun, Y.M. Hu, C.J. Gao, Preparation and 
characteristics of quaternized chitosan/poly(acrylonitrile) composite 
nanofiltration membrane from epichlorohydrin cross-linking, Carbohydrate 
Polymers 70 (2007) 318-323. 
[102] D.Y. Xing, S.Y. Chan, T.S. Chung, The ionic liquid [EMIM]OAc as a 
solvent to fabricate stable polybenzimidazole membranes for organic solvent 
nanofiltration, Green Chemistry 16 (2014) 1383-1392. 
[103] S.P. Sun, K.Y. Wang, R. Rajagopalan, T.A. Hatton, T.S. Chung, 
Polyamide-imide nanofiltration hollow fiber membranes with elongation-
induced nano-pore evoluation, American Institute of Chemical Engineers 56 
(2010) 1481-1494. 
[104] M.M. Montazer-Rahmati, P. Rabbani, A. Abdolali, A.R. Keshtkar, 
Kinetics and equilibrium studies on biosorption of cadmium, lead, and nickle 
ions from aqueous solutions by intact and chemically modified brown algae, 
Journal of Hazardous Materials 185 (2011) 401-407. 
[105] P. Aimar, M. Meireles, V. Sanchez, A contribution to the translation of 
retention curves into pore size distributions for sieving membranes, Journal of 
Membrane Science 54 (1990) 321-338. 
[106] B. Van den Bruggen, C. Vandecasteele, Modelling of the retention of 
uncharged molecules with nanofiltration, Water Research 36 (2002) 1360-1368. 
[107] S. Singha, K.C. Khulbea, T. Matsuuraa, P. Ramamurthy, Membrane 
characterization by solute transport and atomic force microscopy, Journal of 
Membrane Science 142 (1998) 111-127. 
[108] J.C. Su, Q. Yang, J.F. Teo, T.S. Chung, Cellulose acetate nanofiltration 
hollow fiber membranes for forward osmosis processes, Journal of Membrane 
Science 355 (2010) 36-44. 
110 
 
[109] S.P. Sun, T.A. Hatton, T.S. Chung, Hyperbranched polyethyleneimine 
induced cross-linking of polyamide-imide nanofiltration hollow fiber 
membranes for effective removal of ciprofloxacin, Environmental Science& 
Technology 45 (2011) 4003-4009. 
[110] N. Peng, N. Widjojo, P. Sukitpaneenit, M.M. Teoh, G.G. Lipscomb, T.S. 
Chung, J.Y. Lai, Molecular design of polymeric hollow fibers as sustainable 
technologies: past, present, and future, Progress in Polymer Science 37 (2012) 
1401-1424. 
[111] S. Zhang, P. Sukitpaneenit, T.S. Chung, Design of robust hollow fiber 
membranes with high power density for osmotic energy production, Chemical 
Engineering Journal 241 (2014) 457-465. 
[112] P. Sukitpaneenit, T.S. Chung, High performance thin-film composite 
forward osmosis hollow fiber membranes with macrovoid-free and highly 
porous structure for sustainable water production, Environmental Science & 
Technology 46 (2012) 7358-7365. 
[113] S. Verissimo, K.V. Peinemann, J. Bordado, New composite hollow fiber 
membrane for nanofiltration, Desalination 184 (2005) 1-11. 
[114] F. Yang, S. Zhang, D. Yang, X. Jian, Preparation and characterization of 
polypiperazine amide/PPESK hollow fiber composite nanofiltration membrane, 
Journal of Membrane Science 301 (2007) 85-92. 
[115] G.D. Kang, M. Liu, B. Lin, Y.M. Cao, Q. Yuan, A novel method of 
surface modification on thin-film composite reverse osmosis membrane by 
grafting poly(ethylene glycol), Polymer 48 (2007) 1165-1170. 
[116] D. Rana, Y. Kim, T. Matsuura, H.A. Arafat, Development of antifouling 
thin-film-composite membranes for seawater desalination, Journal of 
Membrane Science 367 (2011) 110-118. 
[117] P.H.H. Duong, T.S. Chung, Application of thin film composite 
membranes with forward osmosis technology for the separation of emulsified 
oil-water, Journal of Membrane Science 452 (2014) 117-126. 
[118] S.C. Yu, Z.H. Lu, Z.H. Chen, X.S. Liu, L. M.H., C.J. Gao, Surface 
modification of thin-film composite polyamide reverse osmosis membranes by 
coating n-isopropylacrylamide-co-acrylic acid copolymers for improved 
membrane properties, Journal of Membrane Science 371 (2011) 293-306. 
[119] M.S. Diallo, S. Christie, P. Swaminathan, J.H. Johnson, W.A. Goddard 
Ⅲ, Dendrimer enhanced ultrafiltration. 1. Recovery of Cu(II) from aqueous 
solutions using PAMAM Dendrimers with ethylene diamine core and terminal 
NH2 groups, Environmental Science & Technology 39 (2005) 1366-1377. 
[120] T.S. Chung, M.L. Chng, K.P. Pramoda, Y.C. Xiao, PAMAM dendrimer-
induced cross-linking modification of polyimide membranes, Langmuir 20 
(2004) 2966-2969. 
[121] Y.C. Xiao, L. Shao, T.S. Chung, D.A. Schiraldi, Effects of thermal 
treatments and dendrimers chemical structures on the properties of highly 
surface cross-linked polyimide films, Industrial & Engineering Chemistry 
Research 44 (2005) 3059-3067. 
[122] B. Van den Bruggen, Chemical modification of polyethersulfone 
nanofiltration membranes: A review, Journal of Applied Polymer Science 114 
(2009) 630-642. 
[123] B.K. Chaturvedi, A.K. Ghosh, V. Ramachandhran, M.K. Trivedi, M.S. 
Hanra, B.M. Misra, Preparation, characterization and performance of 
polyethersulfone ultrafiltration membranes., Desalination 133 (2001 ) 31-40. 
111 
 
[124] A.K. Ghosh, E.M.V. Hoek, Impacts of support membranes structure and 
chemistry on polyamide-polysulfone interfacial composite membranes, Journal 
of Membrane Science 336 (2009) 140-148. 
[125] P.S. Singh, S.V. Joshi, J.J. Trivedi, C.V. Devmurari, A.P. Rao, P.K. 
Ghosh, Probing the structural variations of thin film composite RO membranes 
obtained by coating polyamide over polysulfone membranes of different pore 
dimensions, Journal of Membrane Science 278 (2006) 19-25. 
[126] X. Li, K.Y. Wang, B.J. Helmer, T.S. Chung, Thin-film composite 
membranes and formation mechanism of thin-film layer on hydrophilic 
cellulose acetate propionate substrates for forward osmosis processes, Industrial 
and Engineering Chemistry Research 51 (2012) 10039-10050. 
[127] S. Zhang, G.L. Qiu, Y.P. Tang, T.S. Chung, Silver–PEGylated dendrimer 
nano composite coating for anti-fouling thin film composite membranes for 
water treatment., Colloids and Surface A 436 (2013) 207-214. 
[128] E.M.V. Hoek, S. Bhattacharjee, M. Elimelech, Effect of membrane 
surface roughness on colloid- membrane DLVO interactions, Langmuir 19 
(2003) 4836-4847. 
[129] G. Han, P. Wang, T.S. Chung, Highly robust thin-film composite pressure 
retarded osmosis (PRO) hollow fiber membranes with high power densities for 
renewable salinity-gradient energy generation, Environmental Science & 
Technology 47 (2013) 8070-8077. 
[130] Y. Marcus, A simple empirical model describing the thermodynamics of 
hydration of ions of widely varying charges, sizes, and shapes, Biophysical 
Chemistry 51 (1994) 111-127. 
[131] E.R. Nightingale, Phenomenological theory of ion solvation. Effective 
radii of hydrated ions. , The Journal of Physical Chemistry 63 (1959) 1381-1387. 
[132] A.G. Volkov, S. Paula, D.W. Deamer, Two mechanisms of permeation of 
small neutral molecules and hydrated ions across phospholipid bilayers, 
Bioelectrochemistry and Bioenergetics 42 (1997) 153-160. 
[133] L. Eriksson, The complexity constants of cadmium chloride and bromide, 
Acta Chemica Scandinavica 7 (1953) 1146-1154. 
[134] S. Pivovarov, Modeling of ionic equilibria of trace metals (Cu2+, Zn2+, 
Cd2+) in concentrated aqueous electrolyte solutions at 25 °C, Journal of Colloid 
and Interface Science 291 (2005) 421-432. 
[135] H. Sato, M. Yui, H. Yoshikawa, Ionic diffusion coefficients of Cs+, Pb2+, 
Sm3+, Ni2+, SeO2-4 and TcO-4 in free water determined from conductivity 
measurements, Journal of Nuclear Science and Technology 33 (1996) 950-955. 
[136] Y. Sato, M. Kang, T. Kamei, Y. Magara, Performance of nanofiltration 
for arsenic removal, Water Research 36 (2002) 3371-3377. 
[137] T. Urase, J.I. Oh, K. Yamamoto, Effect of pH on rejection of different 
species of arsenic by nanofiltration, Desalination 117 (1998) 11-18. 
[138] N.B. Frares, S. Taha, G. Dorange, Influence of the operating conditions 
on the elimination of zinc ions by nanofiltration, Desalination 185 (2005) 245-
253. 
[139] M.S. Lee, Y.J. Oh, Chemical equilibria in a mixed solution of nickel and 
cobalt chloride, Materials Transactions 46 (2005) 59-63. 
[140] T.J.M. Smit, C. Haas, W.C. Nieuwpoort, Ab initio calculation of the 
charge distribution and the ligand field splitting in the tetrahedral halo 




[141] S. Zhang, T.S. Chung, Minimizing the instant and accumulative effects 
of salt permeability to sustain ultrahigh osmotic power density, Environmental 
Science & Technology 47 (2013) 10085-10092. 
[142] W.J. Lau, A.F. Ismail, N. Misdan, M.A. Kassim, A recent progress in thin 
film composite memrbane: a review, Desalination 287 (2012) 190-199. 
[143] J. Ren, J.R. McCutcheon, Polyacrylonitrile supported thin film composite 
hollow fiber membranes for forward osmosis, Desalination 372 (2015) 67-74. 
[144] S. Darvishmanesh, L. Firoozpour, J. Vanneste, P. Luis, J. Degreve, B. 
Van der Bruggena, Performance of solvent resistant nanofiltration membranes 
for purification of residual solvent in the pharmaceutical industry: experiments 
and simulation, Green Chemistry 13 (2011) 3476-3483. 
[145] A. Figoli, T. Marino, S. Simone, E. Di Nicolò, X.M. Li, T. He, S. 
Tornaghid, E. Driolia, Towards non-toxic solvents for membrane preparation: 
a review, Green Chemistry 16 (2014) 4043-4059. 
[146] Y.H.S. Toh, F.W. Lim, A.G. Livingston, Polymeric membranes for 
nanofiltration in polar aprotic solvents, Journal of Membrane Science 301 (2007) 
3-10. 
[147] W. Albrecht, B. Seifert, T. Weigel, M. Schossig, A. Hollander, T. Groth, 
R. Hilke, Amination of poly(ether imide) membranes using di- and multivalent 
amines, Macromolecular Chemistry and Physics 204 (2003) 510-521. 
[148] N. Widjojo, T.S. Chung, Thickness and air gap dependence of macrovoid 
evolution in phase-inversion asymmetric hollow fiber membranes, Industrial & 
Engineering Chemistry Research 45 (2006) 7618-7626. 
[149] N. Peng, T.S. Chung, K.Y. Wang, Macrovoid evolution and critical 
factors to form macrovoid-free hollow fiber membranes, Journal of Membrane 
Science 318 (2008) 363-372. 
[150] C.Y. Ba, J. Economy, Preparation and characterization of a neutrally 
charged antifouling nanofiltration membrane by coating a layer of sulfonated 
poly(ether ether ketone) on a positively charged nanofiltration membrane, 
Journal of Membrane Science 362 (2010) 192-201. 
[151] S. Zhang, M.H. Peh, Z. Thong, T.S. Chung, Thin film interfacial cross-
linking approach to fabricate a chitosan rejecting layer over poly(ether sulfone) 
support for heavy metal removal, Industrial & Engineering Chemistry Research 
54 (2015) 472-479. 
[152] G. Han, T.S. Chung, M. Toriida, S. Tamai, Thin-film composite forward 
osmosis membranes with novel hydrophilic supports for desalination, Journal 
of Membrane Science 423–424 (2012). 
[153] C.Y. Ba, D.A. Ladner, J. Economy, Using polyelectrolyte coatings to 
improve fouling resistance of a positively charged nanofiltration membrane, 
Journal of Membrane Science 347 (2010) 250-259. 
[154] J.E. Kilduff, S. Mattaraj, G. Belfort, Flux decline during nanofiltration of 
naturally-occurring dissolved organic matter: effects of osmotic pressure, 
membrane permeability, and cake formation, Journal of Membrane Science 239 
(2004) 39-53. 
[155] H.J. Butt, K. Graf, M. Kappl, Surface modification, in:  Physics and 
chemistry of interfaces, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 
2003, pp. 212-215. 
[156] A.E. Childress, M. Elimelech, Effect of solution chemistry on the surface 
charge of polymeric reverse osmosis and nanofiltration membranes, Journal of 
Membrane Science 119 (1996) 253-268. 
113 
 
[157] B. Van der Bruggen, A. Koninckx, C. Vandecasteele, Separation of 
monovalent and divalent ions from aqueous solution by electrodialysis and 
nanofiltration, Water Research 38 (2004) 1347-1353. 
[158] S.P. Sun, K.Y. Wang, N. Peng, T.A. Hatton, T.S. Chung, Novel 
polyamide-imide/cellulose acetate dual-layer hollow fiber membranes for 
nanofiltration, Journal of Membrane Science 363 (2010) 232-242. 
[159] N. Peng, N. Widjojo, P. Sukitpaneenit, M.M. Teoh, G.G. Lipscomb, T.S. 
Chung, J.Y. Lai, Evolution of polymeric hollow fibers as sustainable 
technologies: Past, present, and future, Progress in Polymer Science 37 (2012) 
1401-1424. 
[160] D. Wang, K. Li, W.K. Teo, Phase separation in polyetherimide/ solvent/ 
nonsolvent systems and membrane formation, Journal of Applied Polymer 
Science 71 (1999) 1789-1796. 
[161] W. Peng, I.C. Escobar, D.B. White, Effects of water chemistries and 
properties of membrane on the performance and fouling- a model development 
study, Journal of Membrane Science 238 (2004) 33-46. 
[162] D. Jermann, W. Pronk, S. Meylan, M. Boller, Interplay of different NOM 
fouling mechanism during ultrafiltration for drinking water production, Water 
Research 41 (2007) 1713-1722. 
[163] R.R. Navarro, K. Sumi, M. Matsumura, Improved metal affinity of 
chelating adsorbents through graft polymerization, Water Research 33 (1999) 
2037-2044. 
[164] J.S. Newman, Infinitely dilute solutions, in:  Electrochemical systems, 
Prentice Hall, New Jersey, 1991, pp. 239-264. 
[165] R.G. Mortimer, Chemical reaction mechanisms II: catalysis and 
miscellaneous topics, in:  Physical chemistry, Elsevier Inc., Burlington, San 
Diego, London, 2008, pp. 565-616. 
[166] G.E. Zaikov, A.P. Iordanskii, V.S. Markin, Electrolyte diffusion in 
hydraphilic polymers, in:  Diffusion of elecyrolytes in polymers, VSP BV, 
















LIST OF PUBLICATIONS AND CONFERENCES ATTENDED 
 
 
List of publications: 
1. J. Gao, S.P. Sun, W.P. Zhu, T.S. Chung, Polyethyleneimine (PEI) cross-
linked P84 nanofiltration (NF) hollow fiber membranes for Pb2+ removal, 
Journal of Membrane Science 452 (2014) 300-310. 
2. J. Gao, S.P. Sun, W.P. Zhu, T.S. Chung, Chelating polymer modified 
P84 nanofiltration (NF) hollow fiber membranes for high efficient heavy 
metal removal, Water Research 63 (2014) 252-261. 
3. J. Gao, S.P. Sun, W.P. Zhu, T.S. Chung, Green modification of outer 
selective P84 nanofiltration (NF) mmebranes for cadium removal, 
Journal of Membrane Science 499(2016) 361-369 
4. W.P. Zhu, J. Gao, Poly(amidoamine) dendrimer (PAMAM) grafted on 
thin film composite (TFC) nanofiltration (NF) hollow fiber membranes 
for heavy metal removal Journal of Membrane Science 487 (2015) 117-
126. 
5. W.P. Zhu, S.P. Sun, J. Gao, F.J. Fu, T.S. Chung, Dual-layer 
polybenzimidazole/polyethersulfone (PBI/PES) nanofiltration (NF) 
hollow fiber membranes for heavy metals removal from wastewater, 
Journal of Membrane Science 456 (2014) 117-127. 
6. Y.Zhang, S. Zhang, J. Gao, T.S. Chung, Layer-by-layer construction of 
graphene oxide (GO) framework composite membranes for highly 
efficient heavy metal removal, Journal of Membrane Science 515 (2016) 
230-237.  
7. Z. Thong, G. Han, Y. Cui, J. Gao, T.S. Chung, S.Y. Chan, S. Wei, Novel 
nanofiltration membranes consisting of a sulfonated pentablock 
copolymer rejection layer for heavy metal removal, Environment 
Science & Technology 48(2014) 13880-13887.  
8. J.Gao, Z. Thong, K.Y.Wang, T.S.Chung, Fabrication of loose inner-
selective polyethersulfone (PES) hollow fibers by one-step spinning 
process for nanofiltration (NF) of textile dyes, Summited to Journal of 




List of conferences attended: 
1. North American Membrane Society (NAMS) 24th Annual Meeting, 
Houston, USA, oral presentation, 31 May-4 Jun 2014. 
2. North American Membrane Society (NAMS) 25th Annual Meeting, 
Boston, USA, poster presentation, 30 May-3 Jun 2015. 
3. AIChE Annual Meeting, San Francisco, USA, oral presentation, 13-18 
Nov 2016. 
 
